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Abstract 


Angle  modulation  techniques  enable  analogue  optical  transmission  systems  to  be 
realised  which  have  dynamic  ranges  in  excess  of  those  possible  with  conventional 
intensity  modulation  direct  detection  (IMDD)  links.  Tunable  semiconductor  lasers  are 
essential  components  for  links  employing  optical  frequency  modulation  (OFM)  for 
enhanced  dynamic  range  or  dense  wavelength  division  multiplex  (DWDM)  for  multi¬ 
channel  capability.  They  are  also  key  components  in  many  advanced  sensor  systems. 
Existing  lasers  use  the  forward  bias  carrier  injection  effect  (CIE)  to  achieve  tuning. 
Whilst  this  is  a  convenient  technique  for  wavelength  setting  it  suffers  from  severe 
limitations  when  fast  tuning  or  modulation  of  the  laser  frequency  is  required.  At  low 
modulation  frequencies  the  response  is  dominated  by  thermal  effects,  leading  to  a 
decrease  in  emission  frequency  with  increasing  current,  whereas  at  high  frequencies 
the  response  is  dominated  by  plasma  and  band  filling  effects  giving  an  increase  in 
frequency  with  increasing  current.  The  resulting  overall  frequency  response  typically 
varies  by  more  than  an  order  of  magnitude  from  0-1  GHz  accompanied  by  phase 
variations  of  up  to  n  radians.  Equalising  such  a  response,  even  over  a  restricted 
frequency  range,  requires  complex  networks  that  have  to  be  optimised  for  the 
particular  laser  and  its  operating  conditions.  Improved  uniformity  of  response  has 
been  obtained  in  multi-electrode  distributed  feedback  (DEB)  lasers  by  critical 
adjustment  of  the  distribution  of  current  between  sections,  but  the  settings  needed  are 
highly  sample  dependent,  and  may  drift  with  laser  ageing,  making  this  an  unreliable 
approach 

We  previously  demonstrated,  for  the  first  time,  a  novel  external  cavity  semiconductor 
laser  tuning  technique  using  the  refractive  index  change  in  reverse  biased  multiple 
quantum  well  (MQW)  PIN  structures.  The  technique  yielded  a  tuning  response  that 
was  uniform  to  within  ±  1.6dB  from  30  kHz  to  1.3  GHz,  the  upper  frequency  limit 
being  set  by  the  parasitic  capacitance  of  the  tuning  element.  The  objective  of  this 
programme  is  to  apply  the  same  technique  in  a  monolithically  integrated  tunable 
laser.  In  the  first  year  of  the  programme,  funded  under  special  contract  SPC-93-4072, 
we  designed  and  fabricated  successfully  a  two  section  ridge  guide  laser  to  explore  the 
tuning  technique.  In  this  second  year  of  the  programme  we  have  developed  and 
demonstrated  inter-section  isolation  and  quantum  well  disordering  techniques, 
leading  to  the  successful  fabrication  of  a  monolithically  integrated  reverse  bias  tuned 
quantum  well  laser  having  FM  response  uniform  to  within  ±  2.5  dB  from  5  kHz  to 
500  MHz  and  +  0.75  dB  from  10  kHz  to  100  MHz.  We  report  in  detail  on  the 
fabrication  and  assessment  techniques  and  the  results  obtained. 
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Introduction 


In  our  first  year  report,  we  introduced  the  purpose  of  this  project,  reviewed  existing 
approaches  to  tunable  lasers,  presented  different  tuning  configurations  from  external 
cavity  tuning  to  integrated  monolithic  tuning,  and  discussed  different  tuning 
mechanisms  including  the  electro-optic  effect,  the  acoust-optic  effect,  the  carrier 
injection  effect  (CIE)  and  the  quantum  confined  Stark  effect  (QCSE)  in  a  MQW 
structure.  We  decided  to  use  QCSE  as  the  tuning  mechanism  and  described  the  design 
of  a  2-section  integrated  Fabry-Perot  cavity  ridge  waveguide  tunable  laser,  to 
demonstrate  fast  tuning  and  flat  modulation  response.  Device  fabrication  techniques 
were  described,  and  preliminary  experimental  results,  mainly  the  successful 
realisation  of  a  CW  laser  and  its  characterisation,  were  presented. 

During  the  second  year,  progress  has  been  achieved  in  the  following  aspects. 
Modelling  and  calculation  have  been  performed  on  the  field  profile  in  the  waveguide, 
optical  confinement  factor,  tuning  performance  and  absorption  -  refractive  index 
conversion.  Fabrication  techniques  have  been  developed  to  reduce  contact  resistance, 
improve  the  die  soldering  technique  using  eutectic  alloy  instead  of  indium,  and 
improve  the  trench  etching  technique  to  give  uniform  ridge  dimensions.  These 
developments  gave  improved  power  output  and  single  mode  performance.  Ion 
implantation  by  H+  and  0+  was  carried  out  over  a  range  of  different  doses  and 
energies.  H+  implantation  gave  well  isolated  two  section  tunable  lasers.  Experiments 
on  impurity  free  vacancy  diffusion  (IFVD)  by  Si02  and  SrF2  cap  annealing  were 
performed,  leading  to  12nm  laser  emission  wavelength  shift.  A  new  IFVD  technique 
for  better  device  performance  is  suggested.  Due  to  the  success  in  device  fabrication, 
static  and  dynamic  tuning  performance  has  been  evaluated,  giving  tuning  exceeding 
the  Fabry-Perot  mode  space  and  highly  uniform  FM  response.  The  experimental 
results  are  analysed  in  great  detail  to  reveal  the  mechanisms  involved  and  the  route  to 
further  performance  enhancement. 

The  report  is  organised  as  follows.  Chapter  1  describes  device  modelling  and 
calculation;  Chapter  2,  device  fabrication  progress;  Chapter  3,  device  tuning 
performance;  Chapter  4,  work  in  process  and  future  work  and  Chapter  5,  conclusion. 
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Chapter  1.  Device  Modelling  and  Calculation 


As  described  in  our  first  year  report,  the  integrated  tunable  laser  is  a  2-section  Fabry- 
Perot  cavity,  metal  clad  ridge  waveguide  laser,  as  shown  in  Fig.  1.1  . 
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Fig.  1.1.  2  -section  ridge  waveguide  tunable  laser  schematic  structure. 

The  rib  width  w  and  the  rib  height  t,  are  the  most  important  parameters  in  deciding  the 
laser  mode  behaviours.  This  is  because  the  ridge  waveguide  is  a  weakly  index  guided 
waveguide  structure.  The  lateral  mode  is  defined  by  the  ridge  width  and  the  effective 
refractive  index  difference  on  the  two  side  walls,  reducing  t  will  provide  larger 
effective  index  difference  and  better  lateral  mode  confinement,  but  will  result  in 
increased  field  leakage.  Therefore,  to  model  the  field  profile  in  a  chosen  structure  is 
very  important  in  deciding  correct  value  for  w  and  t  in  order  to  achieve  good  lateral 
mode  performance.  This  will  be  dealt  with  in  section  1.1. 

The  tuning  is  achieved  by  QCSE  which  induces  refractive  index  change.  This  only 
happens  within  the  volume  of  the  MQW  structure.  The  index  change  will  influence 
the  whole  guided  field  in  a  way  that  depends  on  how  much  field  energy  is  confined 
within  this  MQW  volume,  that  is  the  confinement  factor  F.  The  calculation  of 
confinement  factor  will  be  discussed  in  section  1.2  . 

For  an  MQW  stracture  wafer,  direct  measurement  of  the  refractive  index  variation 
with  applied  external  electrical  field  is  very  difficult,  but  measuring  the  transmission 
spectrum  is  relatively  straight  forward.  The  procedure  to  convert  experimental 
transmission  spectra  into  absorption  spectra  and  hence  calculate  the  refractive  index 
change  is  introduced  in  section  1.3  . 
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Knowing  the  confinement  factor  and  refractive  index  change,  the  tuning  performance 
can  be  predicted,  such  as  the  optimum  length  of  the  tuning  section,  and  structural 
parameters  can  be  determined.  The  procedure  for  this  is  discussed  in  section  1 .4. 

1.1  Modelling  of  optical  field  profile  in  a  ridge  waveguide 

Since  the  description  of  all  optical  phenomena  is  mathematically  based  on  Maxwell's 
equations,  it  is  appropriate  to  start  the  discussion  of  semiconductor  laser  by 
considering  theses  equations  in  some  detail.  In  MKS  system.  Maxwell's  equations 
take  the  formi; 


VxG  =  -d^/df 

(1.1) 

VxSi  =  ff  +  dS)/df 

(1.2) 

(1.3) 

<1 

II 

o 

(1.4) 

where  <5  and  9/  are  the  electric  and  magnetic  field  vectors,  and  *2)  and  ‘S  are  the 
corresponding  electric  and  magnetic  flux  densities.  The  current  density  vector  ^  and 
the  charge  density  p/  represent  the  sources  for  the  electromagnetic  field.  The  flux 
densities  9)  and  *3  arise  in  response  to  the  electric  and  magnetic  field  G  and  Si 
propagating  inside  the  medium,  and  their  relationship  depends  on  details  of  the 
matter-radiation  interaction.  For  a  nonmagnetic  dielectric  medium  the  relationship 
can  be  expressed  as  the  constitutive  relations: 


9)  =  £0(5  +  9 

(1.5) 

^  =  \i^Si 

(1.6) 

^  =  ct<5 

(1.7) 

where  Eq  is  the  vacuum  permittivity,  p-o  is  the  vacuum  permeability,  and  a  is  the 
conductivity  of  the  medium.  The  induced  electric  polarisation  9  is  calculated 
quantum  mechanically.  For  a  semiconductor  material,  its  evaluation  requires  the 
knowledge  of  the  Bloch  wave  functions  and  the  density  of  states  for  the  conduction 
and  valence  bands.  In  order  to  describe  the  propagation  of  an  optical  field  inside  the 
medium,  we  take  curl  of  (1.1)  to  get 

VxVx<S  =  -|io^(Vx^)  (1.8) 

where  Eq.(1.6)  has  been  used.  With  the  help  of  Eqs.  (1.2),  (1.5)  and  (1.7),  we  can 
eliminate  Si.  S  and  *2)  in  favor  of  G  and  9^  to  obtain 

VxVx(5  =  -po<y-^-Foeo-^-Iio-^  (^-9) 

The  left  hand  side  can  be  simplified  by 

VxVx<S  =  V(V.<5)-V"<5  (1.10) 

In  the  absence  of  free  charges,  p ^  =0,  and  from  (1.3)  and  (1.5),  we  obtain 
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V  •  ‘Z)  =  EaV  •fi  +  V»‘?=0 


(1.11) 


The  term  V  •  is  negligible  in  most  case  of  practical  interest  and,  consequently, 
V  •  (5=0  in  (1.10).  Equation  (1.9)  then  becomes 
G  d(S  1  d^S  1  3^*7^ 


V"(S- 


EnC^  3/  df^ 


Eoc"  3/" 


where  we  have  used  the  relation 
1 


(1.12) 


(1.13) 


and  c  is  the  speed  of  light  in  vacuum.  The  wave  equation  (1.12)  is  valid  for  arbitrary 
time- varying  fields.  In  an  optical  field  with  harmonic  time  variations,  the  field  can  be 
decomposed  into  its  sinusoidal  Fourier  components.  Using  the  complex  notation,  we 


<5(x,y,z,r)  =  Re[E(x,y,z)  exp  (-tcot)]  (1-14) 

9>(x,y,z,r)  =  Re[P(j:,y,z)  exp  (-iCOt^]  (1-15) 

where  (O  =  2jcv  is  the  angular  frequency  and  v  =  c  A,  is  the  optical  field  oscillation 
frequency  at  the  vacuum  wavelength  A, .  Note  E  and  P  are  generally  complex  as  they 
contain  the  phase  information.  Using  (1.14)  and  (1.15)  in  (1.12),  we  obtain 

V"E  +  Ko"  1+—  E  =  -^P  (1.16) 

L  ^0 

where  Kq  =  co  /c=  27t  A  is  the  vacuum  wave  number.  Under  steady  state  conditions 
the  response  of  the  medium  to  the  electric  field  is  governed  by  the  susceptibility  % 
defined  by 

P  =  EoX(a))E  (1.17) 

where  %  is  dependent  on  frequency  due  to  the  dispersive  nature  of  the  medium 
response.  In  general  x  is  a  second-rank  tensor.  For  an  isotropic  medium,  x  is  a  scalar. 
It  is  useful  to  decompose  %  into  two  parts 

X=Xo+Xp  (1-18) 

where  Xo  is  the  medium  susceptibility  in  the  absence  of  external  pumping  and  Xp  is 


the  additional  contribution  to  the  susceptibility  related  to  the  strength  of  pumping.  In 
the  case  of  semiconductor  lasers,  current  injection  is  the  source  of  pumping  and  Xp 
depends  on  the  concentration  of  charge  carriers  in  the  active  layer.  Both  Xo  and  Xp  are 
generally  complex  and  frequency-dependent.  Using  (1.17)  in  (1.16),  we  finally  obtain 
the  time-independent  wave  equation 

V"E  +  eKo"E=0  (1.19) 


where  we  introduced  the  complex  dielectric  constant 

e=e'-i-z8"=Eb+iIm(Xo)+Xp+*^^/(£o®)  ( 1 .20) 

and  Eb=l+Re(Xo)  is  the  background  dielectric  constant  of  unpumped  material  and  is 
real.  The  wave  equation  (1.19)  is  the  basic  equation  used  to  obtain  the  spatial  mode 
structure  of  the  optical  field.  Mathematically,  a  laser  mode  is  the  specific  solution  of 
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this  equation  that  satisfies  all  the  boundary  conditions  imposed  by  the  laser  structure. 
In  general  multimode  case,  the  optical  field  is  denoted  by  £pqm  ^  where  m,  an  integer 
denotes  the  longitudinal  modes,  and  p,  q  also  integers,  stand  for  the  lateral  and 
transverse  modes  specifying  the  field  distribution  in  the  direction  parallel  and 
perpendicular  to  the  junction  plane,  respectively.  Since  it  is  often  desirable  to  design 
lasers  emitting  light  predominantly  in  a  single  mode,  to  calculate  or  model  the 
allowed  mode  number  and  its  field  distribution  is  essential  for  the  lasers  control. 

In  heterostructure  semiconductor  lasers  the  field  confinement  in  the  transverse 
direction  (normal  to  the  junction  plane)  occurs  through  dielectric  waveguiding,  2.3  that 
is  index  guiding  since  the  refractive  index  discontinuity  between  the  active  and 
cladding  layers  is  responsible  for  the  mode  confinement  through  the  total  internal 
reflection  occurring  at  the  interface.  However,  field  confinement  in  the  lateral 
direction  (parallel  to  the  junction  plane)  is  not  always  due  to  index  guiding. 
Depending  on  the  lateral  field  mode  confinement  details,  semiconductor  lasers  can  be 
classified  as  gain-guided  in  which  the  mode  is  confined  by  the  lateral  variation  of 
optical  gain  or  index-guided  in  which  the  lateral  variation  of  refractive  index  confines 
the  mode.  A  stripe  geometry  laser  is  a  typical  gain-guided  laser."*  Index-guided  lasers 
can  be  further  subclassified  as  weakly  or  strongly  index-guided  depending  on  the 
magnitude  of  the  lateral  index  step.  Buried  rib  waveguide  laser^,  often  used  in  the  InP 
long  wavelength  laser  material  system,  is  an  example  of  a  strongly  index-guided  laser 
while  the  metal  clad  ridge  waveguide  laser^,  which  is  often  used  in  GaAs  material 
system,  is  a  weakly  index-guided  laser  as  the  index  step  is  achieved  by  the  effective 
refractive  index  difference  between  the  ridge  centre  and  the  edge  region. 

To  further  describe  the  laser  mode,  the  dielectric  constant  £  in  (1.19)  can  be  assumed 
to  vary  with  x,  y,  but  be  independent  of  z,  where  x  is  parallel,  y  is  normal  to  the 
heterojunction,  while  z  is  along  the  cavity  as  shown  in  Fig.  1.1.  The  time  independent 
wave  equation  is  then 

V"E-»-e(x,y)Ko"E=0  (1.21) 

and  e(x,y  )=ej(x)  (1-22) 

where  the  subscript  j  numbers  various  layers  in  the  heterostructure  laser.  To  account 
for  absorption,  £j  is  complex  in  each  layer,  and  also  varies  with  external  pumping  as 
shown  by  (1.20).  Often  the  dielectric  constant  £  (x,  y)  varies  slowly  in  the  lateral  x 
direction  compared  to  its  variation  in  the  transverse  y  direction.  To  a  good 
approximation,  the  slab  waveguide  problem  in  the  y  direction  can  be  solved  for  each 
X  and  the  resulting  solution  can  then  be  used  to  account  for  the  lateral  variation. 
Therefore, 
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e,{x,y  )E  =  e(|)(y;x)^(j:)exp(zpz)  (1-23) 

where  (3  is  the  propagation  constant  and  e  is  the  unit  vector  of  the  electric  field.  On 
substituting  (1.23)  into  (1.21): 

— — -^  +  — — j+ e(x,y)Ko  “P  -0  (1.24) 

In  the  effective  index  approximation,  the  transverse  field  distribution  (l)(y;x)  is 
obtained  first  by  solving 

0  +  [e(;c,y)K,^-pJ^(;()]=O  (1.25) 

where  is  the  effective  propagation  constant  for  a  fixed  value  of  x.  The  lateral 
field  distribution  is  then  obtained  by  solving 


[Pir  W-P1  =  o 


(1.26) 


For  a  given  laser  structure,  (1.25)  and  (1.26)  can  be  used  to  obtain  the  transverse  and 
lateral  modes,  respectively.  Since  e  (x,  y)  is  generally  complex,  P^^  is  also  complex. 

The  effective  index  of  refraction  is  defined  as 

%W  =  P.#W/Ko  (1-27) 

and  is  itself  complex. 


To  obtain  an  exact  solution  of  (1.25)  and  (1.26)  is  a  difficult  task.  By  using  the 
effective  index  method'^  and  the  finite  difference  modelling*,  one  can  solve 
numerically  the  field  equation  by  inputting  the  laser  structure  and  boundary  condition 
information.  A  software,  called  FWave  III  based  on  this  model  has  been  developed  by 
Dr  M.  Taylor  in  The  University  of  Glasgow.  The  program  solves  explicitly  the 
horizontal  and  vertical  components  of  the  electric  field,  and  calculates  the  effective 
index  of  the  waveguide  corresponding  to  each  mode. 


By  using  FWave,  a  number  of  heterostructures  with  different  ridge  width  w  and 
height  t  are  modelled.  During  the  modelling,  the  average  refractive  index  in  the  MQW 
region  is  calculated  by  the  weighted  geometric  average  method^,  which  is  proved  to 
be  good  enough  in  representing  the  effect  of  MQW  structure  on  the  refractive  index 
of  this  region.io  The  expression  is 

(1.28) 

where  n  is  the  average  refractive  index  in  the  MQW,  and  di^  n,-  are  respectively  the 
thickness  and  refractive  index  of  each  layer  comprising  the  MQW.  The  refractive 
index  corresponding  to  each  layer  with  different  A1  composition  is  calculated  based 
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on  published  by  interpolating  techniques.  Four  structures  ,  which  are  the 

samples  grown  by  Sheffield,  have  been  modelled.  The  heterostructures,  together  with 
refractive  index  for  each  layer,  are  shown  in  Fig.  1.2. 


-w  -  - 


1  p-GaAs,0.5  pm,  n 

1:3.648  * 

p-GaAs,0.2  pm,  n 

p-AIGaAs,  1.3pm;  Ah 

GaAs  Substrate 


MQW  active  layer:  n  =  3.513 

QT862 


GaAs  Substrate 


MQW  active  layer:  n  =  3.514 

QT863 


Fig.  1.2.  Four  epitaxial  heterostmctures  for  field  modelling.  Corresponding 
layer  refractive  index  is  denoted. 

The  modelling  results  shown  in  Fig.  1.3.  to  Fig.  1.6  are  for  the  QT703R  heterostructure 
with  different  ridge  widths  w  and  heights  t.  In  Fig. 1.3.,  with  w=5  pm  and  t=1.3  pm, 
the  results  show  the  waveguide  supports  TEqo  and  possibly,  TEio  as  well  because  in  a 
laser,  whether  a  mode  is  supported  or  not  depends  firstly,  the  mode  should  be  on  the 
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w=5,  t=1 .3  jum;  TEoo;  1 0%  contour  step 


a 

n(eff)=3.34166 

w=5,  t=1 .3  jjm;  TEio;  1 0%  contour  step 


w=5,  t=1 .3  /vm;  TEzo;  1 0%  contour  step,  but 
the  most  out  one=1%. 


w=5,  t=1 .3  A/m;  TEso;  1 0%  contour  step 


Fig.1.3.  Field  modelling  results  for  QT703R  with  >v=5|j.m,  t=l  .3  |im. 
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overlap  with  the  gain  region  as  more  as  possible,  or  in  other  words,  the  mode 
confinement  factor  (the  ratio  of  optical  energy  within  a  certain  mode  divided  by  total 
optical  energy)  should  as  high  as  possible,  and  secondly,  the  mode  should  be 
supported  by  the  waveguide.  With  the  ridge  waveguide  laser,  the  gain  region  is  in  the 
active  layer  beneath  the  ridge,  therefore,  a  in  Fig.  1.3  is  the  most  favoured  mode 
(TEoo)  in  this  structure;  with  high  enough  gain,  TEio  mode  (b)  is  also  a  possible  laser 
mode,  but  c  or  d  certainly  will  not  be  the  laser  mode  due  to  poor  mode  overlap  with 
the  gain  region.  During  modelling,  no  TM  mode  is  found  to  be  supported  by  this 
stmcture.  Therefore  QT703R  is  a  design  in  favour  of  only  TE  modes. 

If  the  rib  height  is  reduced  to  1  |im,  from  the  results  in  Fig.  1.4,  quite  different  mode 
behaviours  resulted:  the  structure  still  supports  the  TEqo  mode,  but  predictably,  a 
higher  gain  (or  higher  threshold  current)  is  needed  in  order  to  compensate  for  the 
lower  mode  confinement  factor.  No  other  mode  will  be  a  laser  mode  in  this  structure 
due  to  the  very  low  confinement  factors  of  other  guided  modes. 

If  the  rib  width  is  reduced  to  3  fxm.  Fig.  1.5  is  obtained  as  the  modelling  results.  Under 
this  structure,  again  TEqo  is  the  only  laser  mode  supported,  but  with  a  further  increase 
in  threshold  current.  No  other  laser  mode  is  possible  due  to  the  poor  mode  overlap 
with  the  gain  region. 

With  very  high  rib  designs  as  shown  in  Fig.  1.6  where  w=5  |im  and  t=1.5  |im,  the 
situation  is  quite  different.  Both  TE  and  TM  modes  can  lase,  as  well  as  the  higher 
order  modes.  All  modes  in  Fig.  1.6  are  likely  to  be  laser  modes,  with  the  favourite 
order  TEqo  >TEio  >TMoo  >TE2o  •  Under  certain  pumping  condition,  all  these  modes 
may  appear  in  the  far  field  pattern  of  the  laser.  We  did  observe  such  a  multi-moded 
laser  where  due  to  the  unsuccessful  metal  lift-off,  the  ridge  width  is  slightly  larger 
than  designed,  and  due  to  non-uniform  over  etching,  the  ridge  height  is  also  larger. 

From  the  modelling  above,  it  is  clear  that  with  the  same  ridge  width,  larger  rib  height, 
or  deeper  trench  etch  tends  to  give  better  confinement  to  the  guiding  mode.  Therefore, 
a  lower  threshold  current  should  be  expected.  At  the  same  time,  it  also  provides  better 
chance  for  higher  order  mode  emission  in  a  laser.  When  the  etch  depth  reaches  the 
core  layer,  multi-mode  emission,  including  the  TM  mode  is  very  likely  to  happen  for 
a  5  pm  ridge  width  laser.  On  the  other  hand,  for  a  given  rib  height  but  different  rib 
widths  (Fig.  1.4  and  Fig.  1.5),  smaller  rib  width  gives  a  worse  mode  confinement 
factor,  but  better  lowest  order  mode  performance.  When  w=3  pm  and  t=1.5  pm,  as 
shown  in  Fig.  1.5  (c),  only  the  TEqo  mode  is  found  to  be  a  possible  laser  mode. 
Extensive  modelling  suggests  that  choosing  the  ridge  width  to  be  3~5  pm  and  the 
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w=5,  t=1  /jm;  TEoo;  1 0%  contour  step 


a 


n(eff)=3.34219 


w=5,  t=1  Avm;  TEio;  10%  contour  step 

b 


n(eff)=3.34188 


w=5,  t=1  /Lym;  TEzo;  10%  contour  step 


n(eff)=3.341 1 8 


Fig.1.4.  Field  modelling  results  for  QT703R  with  vv=5|a.m,  t=\  jxm. 
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w=3,  t=l  jiym;  TEoo;  1 0%  contour  step 


w=3,  t=1  ium;  TEio;  10%  contour  step 

b  I - 1 


Fig.1.5.  Field  modelling  results  for  QT703R  with  w=3  fim,  t=\  and  1.5  )i.m. 
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w=5,  t=1 .5  /vm;  TEoo;  1 0%  contour  step 


a 


n(eff)=3.34099 


w=5,  t=1 .5  iJm;  TEio;  1 0%  contour  step 


w=5,  t=1 .5  jL/m;  TEzo;  1 0%  contour  step 


c 

n(eff 

)=3.33265 

w=5,  t=1 .5  TMoo;  1 0%  contour  step 


Fig.1.6.  Field  modelling  results  for  QT703R  with  w=5  |im,  f=1.5  )im. 
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w=5,  t=l  .5  )L/m;  TEoo;  1 0%  contour  step 


w=5,  t=1 .5  jum;  TEio;  1 0%  contour  step 


w=5,  t=1 .5  jL/m;  TMoo;  1 0%  contour  step 


w=5,  t=1.5  fjm;  TMio;  10%  contour  step 


Fig.1.7.  Field  modelling  results  for  QT787  with  w=5  |im,  t=l.5  |im. 
In  addtion,  TE20  mode  is  supported  by  this  guide. 


15 


w=3,  t=1 .5  jL/m;  TEoo;  1 0%  contour  step 


n(eff)=3.37718 


w=3,  t=1 .5  jL/m;  TMoo;  1 0%  contour  step 


w=3,  t=1 .5  fjrr\]  TEio;  1 0%  contour  step 


w=3,  t=1 .5  jL/m;  TMio;  1 0%  contour  step 


Fig.1.8.  Field  modelling  results  for  QT787  with  w=3  fxm,  /=1.5  |xm. 
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w=5,  t=1 .2  ^m;  TEoo;  1 0%  contour  step 


w=5,  t=1 .2  jL/m;  TEio;  1 0%  contour  step 


b 

. 

n(eff)=3.37841 

w=5,  t=1 .2  jL/m;  TEzo;  1 0%  contour  step 


w=5,  t=1 .2  A/m;  TEso;  1 0%  contour  step 


Fig.1.9.  Field  modelling  results  for  QT787  with  w=5  |xm,  t=l.2  |im.  Laser  will 
support  only  TEoo  mode,  other  modes  are  very  unlikely  to  be  supported 
in  the  laser  cavity. 


17 


w=5,  t=1 .5  jum;  TEoo;  1 0%  contour  step 


a 

^ ^ 

n(eff)=3.34132 

w=5,  t=1 .5  jL/m;  TEio;  1 0%  contour  step 


b 

— = 

n(eff)=3.33987 

w=5,  t=1 .2  jL/m;  TEoo;  1 0%  contour  step 


n(eff)=3.3418 


w=5,  t=1.2  /L7m;  TMio;  10%  contour  step 


n(eff)=3.341 6 


Fig.1.10.  Field  modelling  results  for  QT862  with  w=5  ftm,  t=l.5  and  1.2  |im. 

Only  TEoo  mode  is  going  to  be  a  laser  mode  except  that  when  t=l  .5 
|a,m,  TEio  is  also  a  possible  one. 
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ridge  height  to  have  its  trench  bottom  0.2~0.4  |im  above  the  waveguide  core  layer  is 
the  proper  design  for  single  mode  operation. 

Fig.  1.7  to  Fig.  1.9  gives  the  modelling  results  for  QT787.  Comparing  to  QT703R, 
although  the  MQW  active  layer  and  the  total  thickness  are  of  similar,  the  core 
thickness  and  the  refractive  index  steps  between  the  MQW  region  and  the  core  layer, 
and  between  the  core  layer  and  the  cladding  layer,  is  quite  different.  QT787  has 
thicker  core  and  smaller  refractive  index  steps.  The  modelling  predicts  significant 
effects  on  laser  performance.  From  Fig.  1.7  and  Fig.  1.8,  for  a  deep  etched  ridge,  the 
laser  will  be  a  multi-moded,  supporting  TEqo,  TMqo  ,  TEio  ,  TMio  ,  and  even  TE20  as 
the  laser  emission  mode,  even  if  the  ridge  width  is  reduced  to  3  pm.  That  means, 
thicker  guiding  core  and  smaller  refractive  steps  tend  to  favor  multi-mode  emission. 
A  proper  etched  ridge,  as  shown  Fig.  1.9,  can  still  produce  emission  in  a  single  TEqo 
mode. 

Fig.  1.10  is  the  modelling  results  for  QT862.  For  a  deep  etch,  similar  results  to 
QT703R  (Fig.  1.3)  are  found,  except  TEqo,  TEio  is  also  a  possible  laser  mode,  but  with 
smaller  mode  confinement  factor  due  to  a  smaller  core  thickness.  Lasing  in  TM  or 
other  higher  order  modes  is  found  not  to  be  possible. 

QT863  has  also  been  modelled.  As  with  QT862,  no  TM  modes  are  found  supported 
by  the  structure.  For  w=5pm  and  t=  1.6pm,  the  TEio  mode  is  supported.  It  is  clear  that 
a  deep  etch  to  form  the  ridge  should  always  be  avoided. 

Our  modelling  using  FWave  has  been  compared  to  the  modelling  carried  out  by  Dr. 
Rachel  Geatches  and  Dr.  Susan  Burke  in  University  Wales  College  of  Cardiff,  based 
on  the  spectral  index  methodi^d4^  for  the  same  ridge  waveguide  structure.  The  results 
are  completely  the  same,  proving  that  our  modelling  is  credible.  Based  on  our 
modelling,  great  care  must  be  taken  for  ridge  width  and  trench  depth  control  during 
device  processing. 

1.2.  The  calculation  of  optical  confinement  factor 

Optical  confinement  factor  is  defined  as  the  fraction  the  optical  energy  guided  in  a 
guiding  structure  comparing  to  the  total  optical  energy.  The  factor  is  important  in  the 
sense  that  any  change  in  the  waveguide  can  only  have  an  effect  on  the  whole  optical 
field  proportional  to  the  energy  retained  in  the  waveguide. 
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To  deduce  an  expression  for  optical  confinement  factor,  let  us  start  from  a  simple 
symmetric  three  layer  slab  waveguide  shown  schematically  in  Fig.  1.11.  The  core  or 
active  layer  of  thickness  d  is  surrounded  on  both  side  by  cladding  layers.  If  the 
cladding  layers  are  sufficiently  thick  such  that  the  optical  field  is  largely  confined 
within  the  three  layers,  for  an  actual  structure,  the  remaining  other  layers  can  be 
ignored. 


Fig.1.11  Three-layer  slab  waveguide  model  of  a  laser  with  refractive  indices 
n2  >  ni.  The  hatched  region  in  the  field  distribution  intensity 
represents  the  fraction  of  the  mode  within  the  active  region. 


The  slab  waveguide  problem  has  been  studied  extensively^^.  It  is  found  that  this 
waveguide  supports  two  sets  of  modes,  the  TE  and  the  TM  modes  which  are 
distinguished  on  the  basis  of  their  polarisation.  For  TE  modes  the  electric  field  E  is 
polarised  in  the  heterojunction  plane  along  the  x  axis.  For  TM  modes,  it  is  the 
magnetic  field  H  polarised  along  x  axis.  Since  the  mode  confinement  in  the  y 
direction  of  a  semiconductor  laser  is  mainly  due  to  the  refractive  index  step  at  the 
heterostructure  interface,  the  gain  or  loss  can  be  treated  as  a  small  perturbation  to  the 
eigenvalue  problem,  hence,  the  dielectric  constant  e(x:,y)  of  (1.20)  can  be  written  in 

the  form 

e{x  ,y)  =  +  Ae{x  ,y)  (1-29) 

where  nb  is  the  background  (real)  refractive  index,  constant  for  each  layer.  The  small 
perturbation  |A8|  «  includes  the  loss  and  the  contribution  of  external  pumping. 

By  using  first  order  perturbation  theory,!^  the  eigenvalue  given  by  Ugff  becomes 
Hgff  (■^)  =  W  +  ^e{^)  (1.30) 

where  ne(x)  is  obtained  by  solving  the  unperturbed  eigenvalue  equation 

^  +  Ko^[nf,^(y)-n/(x)](t)=  0  (1.31) 

and  the  perturbation  An^  is  obtained  using 
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\/S£.{x,y)(S}'^{y,x)dy 

2nglxn^{x)  =  — — ;; -  (1.32) 

\<^'^(y,x)dy 

—CO 

Since  A8(jc,y)  is  constant  within  each  layer,  (1.32)  can  be  simplified  to  be 

A«,W  =  :^Sr,WA£,W  (1.33) 

where  the  sum  is  over  the  number  of  layers,  Aey  is  the  dielectric  perturbation  of  yth 
layer,  and 

j(^^{y;x)dy 

rj{x)  =  i -  (1.34) 

j(\)^{y;x)dy 

—oo 


is  the  fraction  of  the  mode  energy  contained  in  the  yth  layer,  and  is  referred  to  as  the 
confinement  factor  if  the  layer  is  the  active  layer.  If  the  active  layer  is  not  laterally 
uniform  in  thickness,  both  Tj  and  the  effective  index  vary  with  x.  The  average 
confinement  factor  for  this  case  is 
Inactive 

Y  =  — -  (1.35) 

jdx 

active 

For  a  simple  three-layer  slab  laser  as  shown  in  Fig.  1.11,  the  unperturbed  field  is 
uniform  along  x  axis,  therefore 

T  =  =^ -  (1.36) 

]^\y)dy 


where  ({)(};)  is  the  solutions  of  (1.31).  If  the  even  and  odd  solutions  of  (1.31)  can  be 
treated  separately,!'^  the  mode  analysis  is  simplified  considerably.  For  the  even  TE 
modes,  a  general  solution  of  (1.31)  is  of  the  form 

forb|<<W 
-y(|y|-u!/2  )]  forjy  |  >d/2 


where 


K  =  Ko(l 


(1.38) 

(1.39) 


y  =  Ko(n3"-n,")  (1.39) 

are  both  real.  n2  and  ni  are  the  material  refractive  indices  for  the  active  and  cladding 
layers,  respectively,  with  n2  >  ni.  The  continuity  of  (j)  and  d(l)/dy  at  lyl=d/2  requires 


=  AgCos  [Kd  /2) 


(1.40) 
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(1.41) 


yBg  =  KA^sin  [kcI  /2) 

which  result  the  eigenvalue  equation 

y  =  Klan  [icd /2)  (1-42) 

whose  solution  yield  the  effective  mode  index  ng.  In  general,  multiple  solutions  are 
obtained  corresponding  to  different  even  TE  modes. 


Similarly,  for  the  odd  TE  modes,  a  general  solution  and  the  eigenvalue  equation  is 
obtained  as 

|45m(i0’)  for\y\  <d/2 

I  B^exp  [  -  y(|y|  -d/2)^  for  \  y  \  >  d/2 

y  =  -Kcot  [kd/2)  ( 1 .44) 

The  solutions  of  (1.44)  yield  the  effective  mode  index  ng  for  odd  TE  modes.  For  all 
guided  modes,  the  relation  of  n2  >  ng  >  ni  is  always  satisfied.  From  (1.38)  and  (1.39), 
K"  +  Y^=Ko"(n/-ni')  (1-45) 

which  describes  a  circle  in  the  K-y  plane.  Together  with  (1.42)  or  (1.44),  a  series 
Ym  for  the  mth  order  TE  mode  is  obtained.  That  multiple  solutions  occur  is  due  to  the 
periodic  nature  of  trigonometric  functions.  The  allowed  waveguide  mode  can  be 
determined  by  noting  that  if  y  <  0,  field  distribution  (j)  in  (1.37)  and  (1.44)  grows 
exponentially,  and  therefore  is  not  a  possible  mode.  Only  the  solution  with  y  >  0 
represents  a  possible  mode. 


By  using  (1.37)  and  carrying  out  the  integration  of  (1.36),  the  confinement  factor  for 


the  mth  TE  even  mode  is 
Y  ^1+  2y^d/D^ 
"  '1+2/y^d 

and 


(1.46) 

(1.47) 


is  the  normalised  waveguide  thickness. 


For  a  semiconductor  laser,  it  is  always  desirable  to  make  it  works  with  only  the 
fundamental  TE  mode,  that  is  the  lowest  even  TE  mode.  For  this  fundamental  TE 
mode,  (1.46)  can  be  further  simplified  to 


ro  = 


D' 


2  +  D‘ 


(1.48) 


which  is  so  simple  that  for  a  certain  three-layer  slab  structure,  its  fundamental  TE 
mode  confinement  factor  is  readily  calculable. 


For  normal  MQW  heterostructure  lasers  as  modelled  in  the  last  section,  the  active 
layer  is  the  MQW  region,  but  the  guiding  layer  including  upper  and  lower  core  layers. 
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as  shown  in  Fig.  1.1 2.  As  far  as  the  confinement  factor  concerned,  to  a  good 


p-cladding  ni 

upper  core  layer  m 

active  MQW  n 

lower  core  layer  m 

n-cladding  ni 


dc  \ 


de 


i  ^2  2 

d,n  +2djie 

da+2d. 


Fig.1.12  General  MQW  separate  confinement  heterostructure  (SCH)  laser 
with  five-layer  structure  can  be  treated  as  three-layer  slab  structure 
with  a  weighted  average  index  instead  of  m . 


approximation,  this  structure  can  be  treated  as  an  equivalent  three-layer  slab  structure: 
the  core  region  comprising  the  MQW  layer  and  the  upper  and  lower  core  layers  with 
an  equivalent  refractive  index  taken  from  the  three  core  layers  weighted  average. 
Based  on  this  approximation,  the  field  distribution  for  TE  even  mode  is  regarded  as  a 
single  cosine  function  over  the  whole  guiding  region  including  MQW  region,  but  as  a 
decaying  exponential  function  outside  the  core,  as  expressed  in  (1.37).  The 
confinement  factor  of  the  MQW  active  region  is 

^  MQW  foo  2  .  ^ 

dy 

where  da  is  the  thickness  of  MQW  region.  (1.49)  can  be  further  deduced  into 


=  roX 


rd/2  ,2j 

Ld,2't’  "Sy 


—  Fp  X  Fg 


where 


r  C^^dy 

0  foo  ,  o  _ 


(1.50) 


(1.51) 


is  the  confinement  factor  of  the  whole  waveguide,  d=da+2dc  is  the  thickness  of  the 
guide  as  shown  in  Fig.1.12,  and 


(1.52) 


is  the  fraction  that  energy  confined  in  MQW  region  comparing  to  the  whole 
waveguide.  By  using  (1.37)  to  (1.47),  it  is  not  difficult  to  evaluate  (1.50).  Under  this 
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situation,  the  index  of  the  whole  waveguide  should  be  substituted  by  the  weighted 
average  value  in  this  region 


and 


n2 


|d^n%2d^2^ 
1  d,  +  2d. 


(1.53) 

(1.54) 


where  n  is  the  weighted  average  index  of  MQW  region  obtained  by  (1.28),  112  is  the 
index  of  upper  and  lower  core  layers,  and  n2  the  weighted  average  index  of  guiding 
layer.  Finishing  the  integration  in  (1.53)  by  using  (1.37),  we  have  for  TE  even  modes 

^  sin  (  Kd)  +  Kd 


and 

^  1+  2yd  /D^  sin  (  k4,)  + 

■  sin[yid)^yid  ^  ^ 

By  using  (1.42),  (1.45)  and  (1.54),  y  and  k  are  obtained  numerically  for  each  order  of 
TE  even  mode,  therefore  can  be  obtained  explicitly.  Only  the  solutions  with  y 

real  and  >  0  are  meaningful,  therefore  k  should  be  in  the  range  -D/d  <  k  <D/d. 


The  fundamental  TE-even  mode  and  its  confinement  factor  of  the  MQW  active  layer 
for  the  structure  in  Fig.  1 .2  have  been  calculated  according  to  the  theory  stated  above. 
Fig.  1.13  is  the  results  for  QT703R  and  QT787,  and  Fig.  1.14  is  that  for  QT862  and 
QT863.  All  calculation  is  for  a  wavelength  of  850  nm. 
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QT703R  y  =  6.063,  k  =  ±5.845  ,  T^qw  =  24.4  % 

15 

7l(  K  ) 

10 

72  (  K  ) 
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QT787  y  =  5.142,  k  =  ±4.55,  rMQw=18.8% 
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Fig,1.13  TE-even  mode  and  MQW  active  layer  confinement 
factor  calculated  for  QT703R  and  QT787. 
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Qt862  ^^5  37^  k  =  ±6.286,  rMQw=18.2% 


QT863  7=^6  063,  k=  ±6.146,  F^qw  =23.4% 


Fig.1.14  TE-even  mode  and  MQW  active  layer  confinement 
factor  calculated  for  QT862  and  QT863. 
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1.3.  The  calculation  of  absorption  spectrum  and  refractive  index  from 
experimental  transmission  spectra 

The  simple  method  of  determining  absorption  spectra  involves  the  measurement  of 
transmission,  which  is  the  ratio  of  transmitted  intensity  to  input  intensity 

T  =  T^exp  {-ad)  ( 1 .57) 

where  a  is  the  absorption  coefficient,  d  the  thickness  of  absorber  and  Tq  the  ideal 
transmission  when  the  reflected  energy  is  subtracted  from  the  total  input  energy 
(normalised  to  unity).  With  GaAs  MQW  structures,  there  are  two  obstacles  to  the 
accurate  measurement  of  absorption.  Firstly,  the  GaAs  substrate  is  absorptive  at  the 
edge  of  exciton  peak  of  the  MQW,  so  the  substrate  must  be  completely  removed  from 
the  optical  path.  Fortunately,  for  GaAs  material  system,  highly  selective  etches,  both 
dry  and  wet^^»i^  are  readily  available  which  remove  GaAs  in  preference  of  to 
AlGaAs.  However,  after  GaAs  substrate  is  removed,  the  remaining  p-i-n  MQW 
structure  is  only  2~3|J,m  in  thickness  with  very  smooth  parallel  front  and  rear  surface. 
Both  surface  have  roughly  30%  reflectivity,  form  a  Fabry-Perot  cavity  and  cause 
strong  interference  to  the  measured  transmission  spectrum,  as  shown  in  Fig.  1.1 5.  This 
is  the  second  obstacle  to  obtain  a  true  absorption  spectrum. 


p- AlGaAs 
MQW 
n-AlGaAs 


Wavelength  (nm) 

Fig.1.15  A  typical  measured  transmission  spectrum  in 
the  present  of  F-P  cavity  effect. 
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Even  after  depositing  an  anti-reflection  coating  on  front  and  rear  surfaces,  the  residual 
reflection  is  still  strong  enough  to  cause  F-P  interference  in  the  transmission 
spectrum,  making  it  still  difficult  to  work  out  the  true  absorption.  Therefore,  we  have 
to  consider  the  situation  when  both  the  absorption  and  the  FP  interference  effects  are 
present  and  we  wish  to  calculate  a  from  the  transmission  spectrum.  For  an  absorber 
cavity  in  the  air,  the  governing  equation  for  intensity  transmission  is  not  difficult  to 
work  out: 


1+  -  2R  ■  e~^  •  (26) 


(1.58) 


where  R  is  the  reflectivity  of  front  or  rear  surface  (regarded  as  equal),  d  is  the 
thickness  of  absorptive  layer  in  the  medium,  and  5  =  27i:nq,^L  A  is  the  phase  shift  for 


passage  through  the  medium  with  refractive  index  nqw  and  total  thickness  L.  (1.58) 
can  be  further  simplified  as 


(1.59) 


a-Re~“"  Y  +  ^R-e-'^  ■  sirfh 
Obviously,  the  phase  shifting  introduces  the  periodic  variation  in  the  spectrum.  The 
maximum  or  minimum  happens  when 

'1-2  -ad 

^  =  rnn,  =  (1.60) 


and 


6  = 


(2m  -t-  l)7t 


(l  +  R-e-'^f 


where  m  is  an  integer.  Divided  (1.60)  by  (1.61),  we  have 


T 

max 


(y+R-e~'^Y 

a- 


(1.61) 


(1.62) 


in  the  wavelength  far  beyond  870nm,  the  absorption  coefficient  is  zero,  therefore 

(1.63) 

X.>810im 


Tmax  _  CL+  RY 

Tmin 


(i-Rr 


From  (1.63),  we  can  work  out  the  reflectivity  R.  By  using  Fig.  1.15,  we  obtain 
i?=12.5%~14%  in  wavelengths  beyond  870  nm,  which  is  also  a  slow  by  varying 
parameter  versus  wavelength.  From  (1.60),  it  is  also  realised  that  if  there  is  no 
absorption,  because  l-R=To.  We  can  therefore  scale  the  whole  spectrum  to  its 

absolute  T^ax  transmission  value,  as  we  already  did  in  Fig.  1.15.  For  the  example 
above,  we  also  have  To=S6%~S7 .5%. 


The  last  step  is  to  work  out  the  6  from  measured  transmission  spectrum.  We  know  the 
phase  at  maximum  and  minimum,  we  can  deduce  the  phase  between  them  by 
mathematical  interpolation  method.  From  Fig.  1.15,  we  have  the  phase  spectrum 
shown  in  Fig.  1.1 6.  We  can  then  have  the  phase  data  corresponding  to 
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Wavelength  (nm) 


Fig.1.16  Phase  data  and  the  interpolation  (solid  line) 
result  for  the  curve  in  Fig.  1.15. 

each  wavelength,  and  finally,  calculate  the  absorption  spectrum  by  equation  (1.59). 
Fig  1.1 7  is  the  result  of  absorption  spectra  calculated  from  measured  transmission 
spectra  for  sample  QT703R  under  different  reverse  biases. 


Fig.1.17  Absorption  spectra  calculated  from  transmission 

measurements  for  sample  QT703R.  Different  field  strength 
were  applied  to  the  sample  (zero  field  corresponding  to  a 
positive  bias). 


It  is  now  straight  forward  to  calculate  absorption  change  and  at  last,  the  refractive 
index  change  under  different  field  by  using  the  Kramers-Kronig  relation 


^tc.Aa(K',E)dX‘ 


2ti‘ 


(1.64) 
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where  P  is  the  Cauchy  principal  value  of  the  integral.  From  Fig.  1.1 8,  the  absorption 
change  spectra,  it  is  noticed  that  changes  in  the  wavelength  range  far  from  the  exciton 
peak  (838nm)  both  tend  to  zero,  therefore,  their  contribution  to  the  integral  is 
negligible.  It  is  convenient  to  obtain  index  change  from  Fig.  1.18  by  numerical 
integration  techniques.  The  result  is  shown  in  Fig.  1.19. 


Wavelength(nm) 

Fig.1.1  Absorption  change  spectra  calculated  from  transmission 
8  measurements  for  sample  QT703R.  Field  strengths  are 

relative  to  zero  field  (corresponding  to  a  positive  bias). 


Wavelength(nm) 


Fig.1.19  Refractive  index  change  spectra  calculated  from  transmission 
measurements  for  sample  QT703R.  Field  strengths  are  relative 
to  zero  field  (corresponding  to  a  positive  bias). 
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1.4.  Calculations  relating  to  tuning  performance 


As  we  discussed  in  the  report  of  first  year(Section  2.1.2),  the  refractive  index  change 
due  to  QCSE  is  very  sensitive  to  the  operating  wavelength.  As  a  tuning  mechanism 
for  use  in  an  integrated  tunable  laser,  some  trade-off  has  to  be  made.  Hence  it  is 
necessary  to  examine  the  tuning  in  more  detail  even  though  nominally  it  provides 
much  larger  refractive  index  changes  compared  to  carrier  induced  effects.  Fig.  1.1 9  is 
the  experimental  refractive  index  change  spectra  under  different  electric  field  for  the 
structure  of  QT703R.  As  can  be  seen,  index  change  varies  with  wavelength  violently, 
especially  at  wavelength  centred  about  the  exciton  peak  of  the  MQW  stmcture  At 
those  wavelengths,  index  changes  even  including  opposite  sign  (from  -2.5%  to 
+0.5%),  which  means,  no  uniform  tuning  response  is  possibly  achievable  within  these 
wavelengths,  therefore,  first  of  all  tuning  should  not  be  performed  across  this 
wavelength  range.  Also  the  absorption  and  absorption  change  in  this  range  are  too 
high  to  have  good  power  stability  during  tuning.  Comparing  with  carrier  induced 
effects,  where  the  refractive  index  change  variation  with  wavelength  is  quite  smooth, 
this  is  the  drawback  of  QCSE.  The  solution  is  to  make  the  tuning  work  at  the  red  side 
of  MQW  material  absorption  spectrum  where  the  absorption  is  low  and  the  refractive 
index  change  with  field  is  positive  and  smaller  (maximum  about  0.5%).  More 
importantly,  both  the  absorption  and  the  refractive  index  change  with  wavelength  is 
quite  smooth.  This  is  exactly  what  is  desired. 

Fortunately,  when  the  gain  section  is  pumped  towards  its  threshold  condition,  the 
high  carrier  density  results  in  band  gap  reduction,  and  the  lasing  wavelength  is 
about  lOnm  longer  than  the  exciton  peak.  This  means  that  sharing  a  single  cavity,  the 
working  wavelength  in  the  tuning  section  locates  at  the  red  side  of  the  exciton  peak. 
Further  lower  and  smoother  absorption  and  refractive  index  change  variations  with 
wavelength  are  achievable  by  intentionally  shifting  the  exciton  peak  of  the  tuning 
section  toward  the  shorter  wavelength  side  (blue  shift),  which  can  be  done  by  the 
techniques  of  band  gap  tuning  or  band  gap  shifting. 

Due  to  the  large  current  density  in  the  gain  section,  lateral  carrier  diffusion  to  the 
reverse  biased  tuning  section  because  of  the  carrier  density  difference  between  the 
two  sections  may  be  an  inevitable  result.  As  ion  implantation  is  adopted  as  the 
isolating  method  between  the  two  sections,  the  implanted  section  will  provide  more 
than  1  MQ  resistance  between  them.  The  fact  is  that  the  high  resistivity  region  is 
produced  by  the  present  of  large  amount  carrier  trapping  centre  due  to  the  lattice 
disordering  (H"^  implanted)  or  impurity  doping  effect  (deep  energy  level,  O 
implanted).  The  carrier  trapping  is  so  effective  that  the  ion  implanted  isolation  can 
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even  be  used  to  produce  planar  stripe  lasers  and  other  devices.  This  implies  most 
laterally  diffused  carrier  will  be  blocked  by  the  ion  implanted  carrier  trapping  region. 
It  is  generally  realised  that  as  the  carrier  trap  centre  is  normally  a  non-radiative 
recombination  centre,  one  should  avoid  producing  such  a  region  within  the  active 
layer,  otherwise  the  cavity  loss  will  be  extremely  high  and  require  much  larger  gain  to 
compensate  for  it.  Therefore,  lateral  carrier  diffusion  via  the  active  layer  is  still 
inevitable  even  though  the  diffusion  via  the  top  contact  and  cladding  layers  is  totally 
blocked.  It  is  necessary  to  see  how  this  diffusion  will  influence  the  pure  QCSE 
tuning. 


Illustrated  in  Fig  1 .20,  it  is  supposed  that  there  is  no  carrier  diffusion  except  in  the 
active  MQW  layer  which  is  treated  as  a  whole.  Let  us  calculate  the  carrier  density 
presented  in  the  tuning  section  due  to  this  diffusion  current  I2. 


Gain 

section 


Ion  implanted 
isolation  section 

Tuning 
section 
- Lt - 


Fig.  1.20.  2-section  laser  with  lateral  carrier  diffusion  presented. 

Suppose  N2  is  the  carrier  density  in  the  tuning  section  due  to  lateral  diffusing,  and  No 
is  the  carrier  density  just  beneath  ion  implantation  region  due  to  lateral  diffusion,  then 
=  e-N2-'i)2-A2  =  e-No-'\)o-Ao  (1.65) 

where  e  is  electron  charge,  v  is  the  diffusion  (beneath  implanted  region)  or  drifting 
velocity  of  the  carrier  and  A  the  cross  sectional  area  perpendicular  to  the  current 
direction.  If  the  MQW  thickness  is  da,  ridge  width  is  w  and  the  tuning  section  length 
is  Lt,  then 

A2  =  Lt-w  (1.66) 

Ao  =  w-dg  (L59) 

and  then 

N2  = - S - = - 5 -  (1.68) 

e-'U2-A2  e-\)2'L^.-w 
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are  the  equations  to  estimate  the  carrier  densities.  As  an  example,  if  l2=0.1mA,  which 
is  quite  possible  in  an  actual  device,  and  we  chose  \)q  ~  10^  cm/s,  1)2  ~  2  x  10^  cm/s 
,  w=5  pm,  Lt=300  pm,  da=0.1  pm,  we  have  N2~2xl0^2  cm-3  and  Nq^I.SxIO^^  cm'^. 

From  the  result  above,  it  seems  the  diffused  carrier  density  in  the  tuning  cavity  is  too 
small  to  give  important  free  carrier  absorption  in  this  section,  but  the  carrier  density  in 
the  bottle-neck  region  which  is  beneath  the  implanted  region  and  within  the  cavity, 
could  be  very  high  and  it  is  possible  to  have  significant  free  carrier  absorption.  It  is 
also  noticeable  that  a  small  current  variation  could  produce  a  large  carrier  density 
change  within  this  area.  Reducing  the  gap  between  the  two  section  will  decrease  the 
loss,  also  properly  controlled  ion  implantation  into  the  active  layer  is  a  possible 
solution. 

Another  important  factor  that  need  to  be  considered  is  the  photo-generated  carrier 
effect  on  the  tuning  section:  whether  the  photo-generated  current  is  big  enough  to 
produce  thermal  effect  in  the  tuning  section,  and  whether  the  photo-generated  carrier 
density  high  enough  to  cause  large  free  carrier  absorption  loss.  This  consideration  is 
important  as  the  two  sections  share  a  single  optical  cavity  and  the  optical  field  fills 
everywhere  along  the  cavity.  We  can  treat  the  tuning  section  as  a  laterally  illuminated 
MWQ  p-i-n  photodetector  in  which  its  cut-off  wavelength  corresponds  to  GaAs  cut¬ 
off  wavelength  0.87pm.  As  stated  above,  the  actual  lasing  wavelength  is  about  10  nm 
longer  than  its  exciton  peak  and  therefore  is  quite  near  to  the  cut-off  wavelength  if  the 
exciton  peak  is  around  830-840  nm.  Hence  a  low  sensitivity  at  the  lasing  wavelength 
should  be  expected  for  this  photodiode.  The  photo-generated  current  can  be  written 
as: 

Ip  =  rMQW*Po*Rr  (1-70) 

where  Fmqw  is  the  confinement  factor  of  the  MQW  region,  P©  is  optical  power  inside 
the  cavity  (identical  facets  reflectivity  is  assumed)  and  Rr  is  the  photodetector 
responsivity  at  the  incident  light  wavelength.  A  numerical  example  is:  Fmqw  =20%, 
Po=10mW  (  5mW/facet )  and  Rr=0.1  mA/mW,  Ip  =0.2  mA  is  obtained,  which  is  not 
big  enough  to  produce  thermal  effect  in  the  tuning  section.  By  using  (1.68)  regarding 
l2=Ip,  N2=4x10^2  cjn-3  ^  still  too  small  to  cause  free  carrier  absorption  loss.  It  is 
worthwhile  to  point  out  that,  as  Ip  «>=  l-e’*^*^,  and  a  increases  with  bias  under  the 
lasing  wavelength  due  to  the  exciton  peak  shifts  to  red  side  with  bias,  Rr  also 
increases  with  bias,  resulting  in  a  possible  sharp  increase  in  Ip.  Once  this  happens,  the 
thermal  effect  may  be  no  longer  negligible.  To  avoid  this  from  happening,  shifting  the 


working  wavelength  in  the  tuning  section  to  a  longer  wavelength  by  blue  shifting  the 
exciton  peak  is  a  solution. 

In  order  to  achieve  a  large  enough  tuning  range,  a  suitable  tuning  section  length 
should  be  chosen.  The  phase  shift  in  the  tuning  section  can  be  written  as 

where  F^qw  is  the  confinement  factor  of  the  MQW  structure,  An  is  the  refractive 
index  change  of  the  MQW,  Lt  is  the  length  of  the  tuning  section.  For  achieving  a  n 
phase  shift,  the  tuning  section  length  required  is  shown  in  Fig.  1.21.  The  parameters 
adopted  during  calculation  is  as  follows:  n=3.6,  A,=0.85  jim,  rMQw=20%, 
An/n=0.1%~0.5%  from  Fig.  1.19. 


Fig.1.21  Phase  shift  versus  tuning  section  length  due  to 
QCSE,  with  relative  refractive  index  change  as 
parameter. 

Thus  a  tuning  section  length  of  300)im  should  be  adequate  to  give  tuning  through  a 
Fabty-Perot  mode  space. 

Concerning  the  dynamic  tuning  performance  where  high  frequency  modulation  is 
desired,  the  parasitic  parameters  are  going  to  be  important.  It  is  therefore  useful  to 
estimate  their  effect.  Fig.  1.22  is  the  schematic  diagram  with  parasitic  capacitance 
appearing  in  the  tuning  section  due  to  semiconductor  junction  Cj  . 
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Fig.1.22  The  schematic  diagram  shows  the 

parasitic  capacitance  of  the  tuning  section. 


The  junction  capacitance  can  be  written  as 

A  , 


^  ^r(GaAs)^0 


W, 


where  Aj  is  the  junction  area  and  Wd  the  junction  depletion  region  width.  For  a  250)i.m 
wide,  300)j,m  long  cavity  ridge  waveguide  device,  er  is  13.1,  Aj=250|Lim  x  300fxm, 
Wd=0.3|j.m,  giving  Cj=29pF.  If  the  modulation  source  internal  resistance  Rs=50n,  the 
frequency  response  cut-off  frequency  fo  is  then 


/o  = 


2kRC. 

^  J 


=  100  MHz 


This  is  a  serious  limitation  to  the  high  frequency  perform  assessment.  It  is  seen  the 
limitation  is  mainly  due  to  the  junction  capacitance  in  which  the  large  junction  area  is 
the  main  reason.  This  is  because  in  order  to  have  a  proper  waveguide,  trench  etching 
can  only  go  down  above  the  core  layer  within  the  p-AlGaAs  cladding  layer,  rather 
than  go  down  through  the  whole  i-region  as  show  in  Fig.  1 .22.  In  an  actual  device,  the 
etched  trench  and  the  ridge  metal  contact  reduces  the  effective  junction  area. 
Depending  on  the  current  lateral  spreading,  Cj  should  be  smaller  than  that  calculated 
here  due  to  the  effective  junction  area  shrinking.  A  22pF  capacitance  in  the  tuning 
section  is  measured  for  a  2-section  laser  with  IV  reverse  bias  on  the  tuning  section.  It 
is  still  very  large.  Due  to  this  parasitic  parameter  limitation,  it  is  difficult  to  actually 
evaluate  the  tuning  performance  beyond  the  cut-off  frequency.  It  is  therefore 
necessary  to  reduce  this  parasitic  capacitance  in  order  to  test  the  tuning  dynamically. 
One  way  to  do  this  is  to  further  etching  down  through  the  whole  i-region  at  a  location 
beyond  the  trench  to  reduce  the  junction  area,  this  is  the  so-called  mesa  etched 
Iaser2b22  if  the  junction  area  is  reduced  to  20|xm  in  width,  the  cut-off  frequency  will 
be  increased  to  ~1.4GHz  in  the  case  that  junction  capacitance  is  the  only  source  of  the 
parasitic  capacitance.  To  fabricate  a  mesa  etched  laser,  some  modifications  to  the 
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current  design  are  needed,  and  the  air  bridge  technique2^’24  be  also  needed  to 
eliminate  dielectric  capacitance  for  the  new  design.  As  is  seen  above,  when  Cj  is  other 
parasitics  become  important.  This  is  discussed  in  Chapter  4. 
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Chapter  2.  Device  Fabrication  Progress 


Because  of  the  success  in  fabricating  the  CW  laser  in  first  year,  we  are  able  to 
concentrate  on  further  development  of  the  technology  toward  operating  GaAs/AlGaAs 
MQW  the  final  device  desired.  The  main  progress  achieved  since  last  year  could  be 
summarised  as  follows. 

In  our  early  devices,  Cr/Au  was  used  as  an  Ohmic-contact  metal  to  the  p-GaAs  cap 
layer,  which  we  found  presented  large  contact  resistance.  The  resistance  was  so  large 
that  it  limited  the  deliverable  power  output  to  below  10  mW.  In  order  to  solve  this 
problem,  the  Zn/Au  p-contact  metal  system  was  developed.  This  is  discussed  in  Section 

2.1. 

For  ridge  waveguide  devices,  wet  chemical  etch  is  normally  used  for  trench  etch,  due  to 
its  convenience  and  controllability.  The  widely  used  etchants  are  H2SO4,  H3PO4  and 
NH4OH  based  etching  systems,  which  all  tend  to  give  a  non-uniform,  non-flat,  and  non¬ 
mirror  etched  surface.  The  uniformity  is  so  bad  that  the  actual  etched  depth  varies  from 
0.61  to  1.34  jO-m  in  the  same  etched  wafer  (roughly  1  by  1.5  cm^)  for  a  nominal  etch 
depth  1 .2  |im.  We  develop  a  new  enchant  to  tackle  the  problem.  This  is  dealt  with  in 
section  2.2. 

Indium  is  used  as  an  eutectic  solder  for  laser  die  bonding  because  of  its  low  application 
temperature.  However,  serious  problems  were  found  due  to  its  bad  wetting,  bad 
sticking,  high  thermal  resistance  and  unreliability,  therefore,  Sn/Au  is  introduced  to 
substitute  for  indium  as  the  eutectic  solder  for  laser  die  bonding.  This  is  reported  in  2.3 

Many  experiments  have  been  run  on  ion  implanted  two  section  lasers.  In  2.4,  detailed 
processing  and  experiments  on  H+  and  0+  implanted  samples  are  reported.  Successful 
2-section  lasers  with  good  isolation  fabricated  by  H+  implantation  are  also  reported. 

Band  gap  shifting  in  the  tuning  section  is  necessary  to  achieve  low  loss,  pure  field 
tuning  laser.  Experiments  with  SrF2  and  Si02  capped  annealing,  using  the  effect  of 
impurity-free  vacancy  diffusion  (IFVD),  have  been  carried  out,  and  promising  results 
have  been  obtained  although  problems  are  found  with  SrF2.  Further  work  using  new 
dielectric  films  instead  of  SrF2  is  planned.  This  is  introduced  in  2.5. 
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Most  problems  concerning  the  fabrication  of  a  good  quality  laser  have  been  overcome 
during  the  year  and  substantial  progress  in  using  ion  implantation  to  achieve  completely 
isolated  2-section  lasers  and  using  IFVD  to  achieve  band  gap  shifted  2-section  lasers 
has  been  made. 

2.1.  Ohmic  contact  on  p-GaAs  improvement 

We  used  to  use  Cr/Au  as  the  p-GaAs  Ohmic  contact  metal  which  has  very  good 
adhesion,  but  its  contact  resistance  is  too  big  to  be  ideal  for  laser  diodes.  Due  to  the 
large  contact  resistance,  thermal  heating  effects  prevent  large  optical  power  output  as 
once  pumping  level  increased,  the  heat  produced  burns  out  the  laser  very  quickly,  and  in 
our  early  devices,  the  maximum  CW  output  power  never  exceeded  lOmW,  even  for  a 
short  time.  Another  effect  is  the  degradation  of  threshold  current  is  rapid.  This  problem 
was  identified  in  our  first  year  report  (  Section  4.1,  p55;  first  year  report),  and  an  effort 
has  been  made  since  then  to  overcome  it. 

Zn/Au  provides  a  good  Ohmic  contact  to  p-GaAs,  but  people  are  cautious  in  using  it 
because  of  its  high  contamination  due  to  its  high  diffusion  ability,  it  is  also  possible  to 
contaminate  the  vacuum  system  if  it  is  not  used  properly.  Another  problem  is  the  poor 
adhesion  of  Zn  to  GaAs  making  the  bonding  to  the  electrode  pad  very  tricky.  Due  to  the 
good  adhesion  of  Au  on  GaAs,  and  the  low  eutectic  temperature(~390  °C  depending  on 
composition)  of  Au/Zn  alloy,  we  explored  using  Au/Zn/Au  instead  of  Zn/Au  as  the  new 
contact  metal.  Very  low  contact  resistance  as  well  as  very  good  adhesion  on  p-GaAs  are 
achieved,  as  shown  in  Fig.2.1,  the  specific  resistance  is  improved  from  2  x  lO'^  Q*cm2 
for  Cr/Au  to  about  1.5x  lO'^  Q»cm?  for  Au/Zn/ Au,  better  than  an  order  of  magnitude 
improvement  in  specific  contact  resistance.  For  a  normal  600  |im  laser,  this  means  the 


Annealing  Temp,  f  C)  Annealing  Temp.  (“C) 

Fig.2.1  Specific  contact  resistance  varriation  with  annealing  temperature 
for  Cr/Au  and  Au/Zn/Au  contact  metal  to  p-GaAs. 

contact  resistance  is  reduced  from  1  lO  to  less  than  IQ.  The  key  technique  here  is  very 
thin  Au(about  5  nm)  deposition  first  followed  by  proper  Zn  deposition  (~15  nm),  and 
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then  normal  Au  for  correct  composition  alloy  (~40nm),  followed  by  diffusion  barrier 
metal  (Ag)  and  final  covering  metal  (Au).  Together  with  consistent  wafer  treatment 
processing  before  deposition  and  thermal  annealing  (~400°C,  1  minute)  after  the 
evaporation,  the  Au/Zn/Au/Ag/Au  p-contact  system  works  reliably  with  no  special  care 
needed.  More  importantly,  much  better  laser  performance  is  achieved:  for  a  typical  laser 
using  this  contact  metal,  power  in  excess  of  20  mw  is  easily  achieveable,  Fig.2.2  is  a 
typical  result;  enormous  improvement  in  the  threshold  degradation  is  found.  Although 
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Current  (mA) 

Fig.2.2  A  typical  L-I  plot  for  laser  fabricated  by  Au/Zn/Au  contact. 

The  average  slop  efficiency  in  this  plot  is  0.48  mW/mA/facet. 


Wavelength  (nm) 

Fig.2.3  A  typical  spectrum  plot  for  laser  fabricated  by  Au/Zn/Au 
contact.  The  MSR  in  this  plot  is  22  dB. 

a  formal  ageing  test  has  not  been  performed,  in  a  day-to-day  base  experiment  running, 
threshold  current  is  quite  stable  for  at  least  one  week  which  is  good  enough  for  any  test. 
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The  slope  efficiency  is  also  improved  from  below  0.15  mW/mA/facet  to  an  average  0.4 
mW/mA/facet,  and  the  highest  -0.55  mW/mA/facet.  Due  to  the  output  power 
improvement,  mode  suppression  ratio  (MSR)  is  also  improved^  as  shown  in  Fig. 2.3. 

2.2  Chemical  wet  etch  in  defining  ridge 

As  modelled  in  Chapter  1,  the  ridge  height  is  a  critical  factor  in  deciding  laser  mode 
and  threshold  condition.  Multiple  lateral  modes  consume  energy  to  reduce  the  power 
from  the  main  mode,  resulting  in  bad  MSR.  Precisely  control  of  the  etch  depth  therefore 
become  very  important. 

Etching  GaAs/AlGaAs  is  a  very  well  developed  process  nowadays,  which  can  be 
classified  as  dry  etch^.^  and  wet  etch‘<-6  .  Dry  etch  normally  requires  a  vacuum  system, 
while  it  can  give  a  flat  etched  surface,  very  good  uniformity  over  the  whole  wafer,  its 
controllability  on  etch  depth  is  always  very  bad,  therefore,  several  runs  of  this  etch 
process  are  often  needed  in  order  to  produce  the  depth  required.  This  is  a  very  time- 
consuming  and  energy  wasting  process.  Although  we  also  used  dry  etch  in  our  early 
device  processing,  we  finally  decided  to  search  for  more  applicable  wet  chemical  etch 
process. 

Wet  etch  has  very  good  controllability:  the  etch  speed  is  controllable  by  using  different 
etchant,  or  different  concentration;  etch  depth  can  be  controled  conveniently  by 
frequently  measuring  the  depth  etched.  The  only  problems  are  with  the  etched  surface 
quality  and  uniformity  of  etch  depth.  By  using  the  most  widely  used  etchants  based  on 
H2SO4,  H3PO4  and  NH4OH,  with  different  concentrations,  we  studied  the  etched  surface 
and  uniformity  after  etch.  The  uniformity  is  defined  as 

dava 

where  dmax  is  the  depth  maximum  measured,  dmin  the  minimum  in  the  same  wafer  and 
dava  the  average  depth  accounted.  Table  2.1  summarises  the  results. 


Ratio  Rd  =  Xm/Xo 

Fig.2.4  Normal  profile  after  etch  by  H2SO4,  H3PO4 
or  NH4OH  based  etchant. 
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The  profile  after  etch  is  normally  that  displayed  in  Fig.2.4,  with  different  value  of  Rd, 
but  in  any  case,  Rd  >  1  is  always  obtained.  This  can  be  understood  from  the  fundamental 
mechanism  the  GaAs  wet  etch  involved. 


Table  2.1  Etching  experiments  summary 


Etchants 

EBi 

dav. 

Ad 

Etched  surface 

H2SO4:  H2O2  :H20 

1:8:60 

1.34 

0.61 

1.21 

60% 

rough/texture  surface, 
Rd=1.18  t . . 

H2S04:H202:H20 

1:1:30 

1.28 

0.97 

1.2 

26% 

rough/texture  surface, 

Rd=1.21 

H2S04:H202:H20 

4:1:1 

1.36 

1.25 

1.3 

8.5% 

rough/texture  surface, 

Rd=L24 

H3P04:H202:H20 

1:2:20 

1.38 

0.68 

1.23 

57% 

rough/texture  surface, 

Rd=L14 

H3P04:H202:H20 

1:1:30 

1.42 

1.15 

1.21 

22% 

rough/texture  surface,  Rd=l.l 

H3PO4:  H2O2  :H20 

3:1:50 

1.27 

1.16 

1.25 

9% 

rough/texture  surface, 

Rd=1.17 

NH4OH:  H2O2  :H20 

1:1:20 

1.44 

1.21 

1.3 

18% 

shining  surface,  Rd=^L2 

NH4OH:  H2O2  :H20 

3:2:50 

1.35 

1.1 

1.27 

20% 

shining  surface,  Rd=1.15 

NH4OH:  H2O2  :H20 

3:1:50 

1.42 

1.21 

1.34 

16% 

shining  surface,  Rd=1.17 

Most  etchant  for  GaAs  contain  an  oxidising  agent  such  as  H2O2,  a  complexing  agent 
such  as  H2SO4  and  dilutant  such  as  water.  The  etch  process  starts  when  oxidising 
towards  GaAs  surface  by  diffusion.  The  active  site  of  the  GaAs  adsorbs  H2O2,  and  an 
oxide  of  GaAs  is  formed.  Further  H2O2,  or  its  decomposed  product  such  as  an  oxygen 
ion  will  reach  the  oxide-GaAs  interface  through  the  wholly  or  partially  oxidised  GaAs 
surface  layer  by  diffusion,  to  further  react  with  GaAs.  Although  the  oxidised  layer  is 
normally  insoluble  in  water,  the  complexing  agent  reacts  with  this  layer  very  well  and 
forms  a  soluble  complex  to  dissolve  into  water.  The  resultant  etched  surface  totally 
depends  on  the  relative  reaction  rate  between  oxidising  and  complexing.  If  the  oxidising 
rate  is  faster  than  the  complexing  rate,  the  etch  become  reaction-rate-limited.  If  it  is  the 
reverse,  the  etch  become  diffusion-limited  as  in  this  case  it  is  the  oxidiser  diffusion  rate 
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which  limits  the  reaction.  Etchants  containing  high  concentrations  of  complexing  agent 
but  low  concentrations  of  oxidiser  are  usually  diffusion  limited,  otherwise,  it  is  reaction - 
rate-limited.  Thus  by  changing  the  concentration  of  complexer  and  oxidiser,  an  etchant 
could  be  either  diffusion  or  reaction-rate  limited. 

For  the  masked  GaAs  surface,  at  the  edge  of  opened  window,  the  availability  of  fresh, 
unreacted  etchant  from  the  nearby  masked  area  causes  abnormally  high  etch  rate  within 
the  window  near  the  edge.  This  is  the  mask  edge  trenching  effect  shown  in  Fig.2.4.  A 
flat  etched  bottom  can  only  been  seen  at  a  distance  as  much  as  50-300  pm  away  from 
the  edge,  but  the  trench  of  our  device  is  only  10  pm  in  width.  For  reaction-rate-limited 
etchant,  local  oxide  defect  (which  normally  is  very  high)  will  result  in  a  rough  surface. 
Furthermore,  the  oxidisation  is  very  sensitive  to  the  surface  bonds  and  states,  but 
normally  an  epitaxial  wafer  tends  to  be  non-uniform  in  its  surface  bond  activity  or 
surface  states  after  growth,  resulting  in  very  non-uniform  oxidising  in  the  same  wafer, 
giving  bad  etch  depth  uniformity.  For  our  application,  this  is  the  case  we  should  avoid. 
Diffusion-limited  etchant  is  needed. 

Unfortunately,  H2SO4,  F13P04  and  NH4OH  based  etchants  all  have  high  reaction  rate 
with  GaAs,  resulting  in  serious  mask  edge  trenching  effect  as  listed  in  Table  2.1.  Even  if 
there  is  no  HjOj,  H2SO4  or  H3PO4  solution  is  still  reactive  with  GaAs,  therefore, 
trenching  effect  always  inevitable.  On  the  other  hand,  high  concentration  H2SO4  or 
NH4OH  etchant  damages  the  photoresist  mask  quickly,  resulting  in  a  badly  defined 
ridge.  The  best  solution  is  to  find  a  weak  acid  with  low  reactive  rate  to  GaAs,  to  form  a 
diffusion  limited  etchant.  This  is  mainly  because  only  very  low  reaction  rate,  ’  gentle  ’ 
acid  will  help  to  produce  a  flat  etched  profile  and  a  mirror  etched  surface  since  only  low 
etch  rate  will  reduce  the  etch  rate  difference  between  the  centre  and  the  edge  area. 

Citric  acid^  is  a  very  suitable  candidate  for  our  purpose.  It  is  a  weak  acid  with  slow  etch 
rate  on  GaAs,  no  attack  on  resist  at  all.  By  using  citric  acid/H202/H20  etchant,  we 
always  have  obtained  very  good  flat  bottom  with  shining/mirror  etched  surface  and  very 
good  uniformity,  as  listed  in  Table  2.2.  The  only  problem  is  that  citric  acid  seems  to  be 
a  selective  etchant  which  stops  at  the  interface  of  GaAs/AlGaAs  when  AI  composition 
is  high  enough.  We  therefore  modify  the  etchant  by  adding  a  little  H3PO4  which  we 
believe  will  etch  AlGaAs  very  well.  Indeed,  with  the  assistance  of  very  low 
concentration  H3PO4,  the  etchant  works  very  well  for  Al  composition  from  0.2-0.6, 
which  is  the  sample  range  we  have.  In  fact,  this  etchant  has  a  wide  range  of  tolerance: 
with  the  ratio  citric  acid:  H2O2  :H20:H3P4  =  50:2-8:50:1-3,  the  results  always  show  a 
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very  flat  bottom,  mirror  surface  and  very  good  uniformity  which  fulfil  the  requirement 
for  our  ridge  waveguide  laser  completely. 


Table  2.2.  Ridge  define  etching  by  citric  acid  based  etchant. 


Etchants 

EH 

dava 

Ad 

Etched  surface 

citric:  H2O2  :H20 

50:4:50 

1.19 

1.21 

1.2 

2% 

mirror  surface,  Rd=1.0, 
stop  at  AlGaAs 

f 

citric:  H2O2  :H20 

60:10:60 

1.61 

1.55 

1.6 

3.6% 

mirror  surface,  Rd=1.03 , 
stop  at  AlGaAs 

citric:  H2O2  :H20:H3P04 

15:5:15:1 

3.99 

3.83 

3.94 

4% 

mirror  surface,  Rd=1.07 , 

etch  AlGaAs 

citric:  H2O2  :H20:H3P04 

30:2:30:1 

1.59 

1.55 

1.58 

2.5% 

mirror  surface,  Rd-1.02 , 

etch  AlGaAs 

2.3  Improvements  in  laser  die  bonding 

After  laser  cleaving  and  separating,  the  laser  die  is  mounted  on  to  a  heat  sink  by  eutectic 
metal  bonding.  In  our  early  lasers.  Indium  was  used  as  the  eutectic  solder  to  bond  the 
laser  die  on  a  brass  base,  Au  plated  mount.  Flux  is  used  to  improve  the  wetting  property 
of  In/Au,  where  Au  is  on  both  heat  sink  and  the  laser  die  surfaces.  Soon  very  serious 
problems  were  found  in  using  the  In  solder:  firstly,  the  wetting  property  is  very  bad 
indeed.  Although  In  melts  at  very  low  temperature  (156  ‘’C),  it  does  not  wet  Au  surface 
at  all.  Flux  certainly  helps  to  improving  the  wetting  property  to  some  extent,  but  the  flux 
coats  not  only  the  bottom  of  the  die,  but  also  the  side  and  top  of  it,  therefore,  giving  In 
the  chance  of  going  to  the  top  and  side  of  the  die  as  well,  resulting  the  failure  of  the 
device.  Secondly,  due  to  the  bad  wetting.  In  is  not  spread  on  the  bonding  surface 
uniformly.  Holes  or  channels  appear  between  the  In/die  and  In/heat  sink  surface, 
resulting  in  a  high  thermal  resistance.  Lastly,  as  In  is  a  soft  metal  with  bad  wetting,  it 
does  not  stick  the  die  very  well.  During  ultrasonic  wire  bonding,  even  the  small  bonding 
force  shakes  the  die  and  resulting  an  unreliable  die/In  contact.  The  result  is  In  bonding 
become  an  important  possible  factor  in  accelerating  the  degradation  of  the  laser 
performance.  Indeed,  other  researchers*  reported  that  the  thermal  resistance  and 
threshold  increase  of  In  bonded  devices  far  exceeded  that  for  devices  bonded  by  SnAu 
or  GeAu  eutectic  alloy  (150  and  3.6  times,  respectively)  during  ageing  tests. 
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SnAu  (20%  Sn,  80%Au)  and  GeAu  (12%  Ge,  88% Au)  are  widely  used  eutectic  alloys 
in  commercial  laser  bonding,  their  melting  temperature  is  280  and  356  °C,  respectively. 
356“C  is  a  high  temperature  for  manual  operation  and  therefore,  not  convenient  for  us. 
SnAu  alloy  is  the  best  candidate  for  our  purpose.  After  experiment,  the  advantages  of 
SnAu  alloy  become  obvious:  the  wetting  property  is  very  good,  it  automatically  wets 
any  surface  with  Au  coating,  therefore,  no  flux  is  needed,  which  guarantees  a  clean 
device;  the  bonding  performance  is  also  excellent,  no  device  was  found  to  be  loose 
during  ultrasonic  wire  bonding  since  using  SnAu.  More  importantly,  the  stable  working 
life  time  (before  threshold  current  increasing  dramatically)  is  found  increased  from 
several  days  for  the  In  bonded  laser  to  at  least  two  weeks  for  the  SnAu  bonded  laser. 

2.4.  Ion  implantation  processing 

Ion  implantation  is  used  to  create  an  electrically  non-conductive  region  between  the 
gain  and  the  tuning  section  to  enable  a  reverse  bias  to  be  applied  to  the  tuning  section. 
Two  atoms,  hydrogen  and  oxygen  are  selected  as  ions  to  create  H+  or  0+  implanted 
isolation  area.  Several  runs  of  implantation  have  been  performed  for  0+  and  H+, 
respectively.  The  processing  details  and  results  are  reported  as  follows. 

2.4.1.  O'^  implantation 

Oxygen  is  a  specimen  who  creates  the  high  resistivity  region  not  only  by  ion-created 
defects,  but  also  by  chemical  doping  effect^>i®,  therefore,  0+  implantation  has  much 
higher  carrier  trapping  efficiency  than  H'*'  implantation^.  Moreover,  it  is  found  that  even 
implanted  defects  are  annealed  out  by  thermal  annealing,  the  oxygen  doping  effect  still 
keeps  the  resistivity  of  0+  implanted  region  very  high.  This  is  attractive  to  us  in  the 
sense  that  if  0+  is  implanted  into  the  active  region,  we  need  the  defect  to  be  annealed 
out,  but  we  need  the  region  to  be  still  of  high  resistivity.  Table  2.3  shows  the  results  we 
have  obtained  so  far  on  the  0+  implanted  samples.  0+  is  implanted  into  the  isolation 
region  shown  as  in  Fig.  1.1.  In  the  table,  1 -section  means  the  laser  comes  from  the  same 
wafer  but  has  only  one  section  with  no  0+  implanted  region,  and  2-section  means  there 
is  a  O'*’  implanted  region  between  the  gain  and  the  tuning  sections.  Sample  TL104, 
which  is  from  QT787R,  has  a  multi-energy  high  dose  implantation  which  creates  a 
projection  depth  of  1 .5|xm,  with  optimised  annealing  temperature  for  high  resistance, 
therefore  very  high  isolation  resistance  is  obtained;  but  because  the  high  defect  density 
is  not  annealed  out,  high  loss  due  to  the  non-radiative  recombination  process  occurs  in 
this  region,  resulting  in  a  threshold  condition  too  high  to  be  reached.  Sample  TL112, 
which  is  from  QT862,  was  implanted  with  lower  energy  and  doses  with  the  projection 
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depth  of  only  Ijxm.  A  series  of  annealing  temperatures  was  used  to  investigate  the 
isolation  resistance,  as  plotted  in  Fig.2.5.  When  there  is  no  annealing  or  the  annealing 
temperature  is  low,  typical  hopping  conductivity^  is  seen  to  produce  low  isolation 
resistance;  when  sample  is  annealed  within  500-700  °C,  isolation  resistance  increases  to 
maximum,  and  then  falls  quickly  with  further  increase  in  annealing  temperature. 


Table  2.3  0+  implantation  process  and  results 


Sample 

1 

Implantation 

Energy 

0+  dosage 
(cm-2 ) 

Anneal 

i 

Isolation 

resistance 

Device 

performance 

IMeV 

3x1014 

I 

500KeV 

3.3x1014 

RTA  600°C 

TLl  04 

200KeV 

2.4x1014 

15  sec. 

>700MQ 

1 -section:  laser 

lOOKeV 

9x1013 

2-section:  LED 

50KeV 

6x1013 

500KeV 

1x1014 

see  text 

see  text 

1 -section:  LED 

TLl  12 

150KeV 

1x1014 

2-section:  LED 

50KeV 

9x1013 

TLl  11 

IMeV 

1x1014 

RTA  900°C 

~5KQ 

1 -section:  laser 

70  KeV 

7x1013 

15  sec. 

2-section:  bad 
laser  (Ith  ~80  mA) 

Fig.2.5  Isolation  resistance  varies  with  annealing 
temperature  for  sample  TLl  12. 


Unfortunately,  this  sample  did  not 
lase,  even  for  a  single  section 
device.  The  reason  for  this  is  not 
because  of  the  ion  implantation, 
but  because  of  quality  of  wafer. 
From  the  same  wafer  we 
fabricated  stripe  lasers  and  ridge 
waveguide  lasers  with  both  having 
no  ion  implantation,  both  sets  of 
devices  failed  to  lase  also. 
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In  TLl  1 1  (from  QT787),  the  top  p+  -GaAs  contact  layer  is  removed  by  selective  etch  in 
the  isolation  rigion.  The  sample  is  implanted  with  only  two  energies;  IMeV  is  used  to 
create  isolation  deep  down  to  the  active  layer  (1.5|Lim  projection  depth  which  covers  the 
whole  MQW  active  thickness)  and  low  energy  is  used  for  isolating  the  top  layers.  After 
implantation,  the  wafer  is  coated  with  SiOj  above  one  section,  and  SrFj  above  another 
section  in  order  to  produce  quantum  well  band  gap  shifting  while  doing  the  annealing 
for  implantation.  After  the  relatively  higher  temperature  annealing,  isolation  resistance 
is  not  very  high,  and  the  problems  associated  with  SrF2  capped  annealing  is  found.  The 
details  will  be  discussed  in  the  next  section,  however  the  result  of  cutting  the  Si02 
capped  and  annealed  section  into  a  1 -section  device  is  a  laser  with  Ith  ~25  mA;  if  a  2- 
section  device  is  made  with  one  section  Si02  capped  and  another  section  SrF2  capped, 
and  pumping  the  Si02  capped  section,  the  device  can  lase,  but  with  an  extremely  high 
threshold  current  (~80mA),  which  is  the  result  of  SrF2  capped  sectionacts  as  a  high  loss 
absorber;  if  the  SrF2  section  is  pumped,  or  even  a  1 -section  device  cut  from  SrF2  capped 
section  is  pumped,  the  device  not  only  can  not  lase,  but  also  the  emitted  light  is  too 
weak  to  be  a  LED. 

In  conclusion,  0+  implantation  creates  very  high  isolation  resistance  between  the  two 
sections  if  annealing  temperature  is  in  the  optimised  range  550~700°C.  High 
temperature  annealing  can  remove  the  defect  penetrated  into  the  active  layer  to  enable 
device  lasing.  It  is  possible  to  find  a  suitable  dose  and  annealing  temperature  to  make 
the  device  lase  while  keeping  a  high  isolation  resistance.  To  perform  band  gap  shift 
annealing  and  implantation  annealing  together  is  not  a  good  scheme  as  the  optimised 
temperatures  for  each  are  not  the  same. 

2.4.2  H*  implantation 

H+  implantation  creates  carrier  trapping  defects  to  form  a  high  resistivity  region^>i^.  Due 
to  the  low  atomic  diameter  of  hydrogen,  only  low  energy  implantation  is  needed  for  a 
relative  deep  penetration.  For  H+,  unlike  0+,  only  the  implanting  defects  produce  high 
resistivity,  therefore  H+  is  not  so  effective  as  0+  in  producing  good  isolation^.  The 
advantage  of  H"*"  is  its  low  annealing  temperature:  200-420  °C  is  the  optimised 
annealing  temperature  for  best  resistivity  which  could  be  done  while  performing 
metalisation  annealing.  Table  2.4  shows  the  results  of  H+  implantation  in  our  device. 

From  the  results  it  is  seen  quite  clearly  that  high  dose  and  high  implantation  energy 
(TL106  from  QT703R,  with  projection  depth  of  1.7|im),  although  producing  a  high 
resistance  region,  the  high  optical  loss  within  this  region  in  the  active  layer  prevents  the 


47 


device  lasing.  On  the  other  hand,  low  dose,  low  implantion  energy  (TL108,  TL109  from 
QT787  with  projection  depth  of  1.2  |Lim)  do  not  stop  the  device  from  lasing,  but  the 
isolation  resistance  is  poor.  Only  intermediate  implantation  energy  and  dose,  as  in 
sample  TLlllB  (from  QT787  with  projection  depth  of  1.5|im),  keep  the  device  lasing 
while  maintaining  a  moderate  isolation  resistance.  TLlllB  is  a  successful  sample  with 
very  high  yield  of  two  section  lasers.  Fig.2.6  is  a  typical  light  power  and  tuning  section 
current  leakage  plot  with  gain  section  pumping  current.  Detailed  device  performance 
will  be  discussed  in  the  next  chapter. 


Table  2.4.  H+  implantation  processing  and  results. 


Sample 

Implantation 

Energy 

H+  dosage 
(cm-2 ) 

Anneal 

Isolation 

resistance 

Device 

performance 

TL106 

230KeV 

4x1014 

39S°C 

~  lOOM^l 

1 -section:  laser 

200KeV 

3x1014 

2  min 

2-section:  LED 

ISOKeV 

4.3x1014 

lOOKeV 

3.SX1014 

50KeV 

3x1014 

TL108 

ISOKeV 

4.3x1012 

380  “C 

~  100  O 

1 -section:  laser 

lOOKeV 

3.Sxl0i2 

30  sec 

2-section:  laser 

SOKeV 

3x1012 

TL109 

ISOKeV 

4.3x1013 

390  °C 

~400n 

1 -section:  laser 

lOOKeV 

3.Sxl0i3 

1  min 

2-section:  laser 

SOKeV 

3x1013 

TLlllB 

200KeV 

8x1013 

400  °C 

~20  KQ 

1 -section:  laser 

ISOKeV 

6x1013 

30  sec 

2-section:  laser 

lOOKeV 

9x1013 

SOKeV 

7x1013 

For  hydrogen  implantation,  one  concern  remains.  This  is  the  high  diffusion  and 
instability  of  hydrogen^.  Due  to  its  high  activity,  H  is  not  stable  in  semiconductors.  In 
our  device,  we  observed  the  slope  efficiency  decreasing  in  a  H+  implanted  stripe  laser 
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having  the  same  dose  and  energy  as  TL109  relative  to  unimplanted  lasers  fabricated 
from  the  same  wafer.  The  slope  efficiencies  were  0.27  and  0.4  W/A,  respectively.  The 
ion  energy  used  is  not  high  enough  to  make  reach  active  layer  of  the  laser,  but 
during  annealing,  the  hydrogen  is  driven  into  the  active  layer.  The  resulting  H  doping 


forms  non-radiative  recombina¬ 
tion  centre  in  this  layer  and 
decreases  the  radiative  emission 
efficiency.  For  a  stripe  geometry 
laser,  this  effect  is  more 
pronounced  than  for  a  ridge 
waveguide  laser. 

In  conclusion,  proper  H+ 
implantation  dose  and  energy  has 
been  researched  and  a  run  of 
successful  H+  implanted  2- 
section  lasers,  with  good 
isolation  between  sections  has 
been  achieved.  Further 
investigation  is  needed  for  the 
life  time  problem,  stability 


0  10  20  30  40  50  60  70 

Pumping  Current  on  Gain  (mA) 

Fig.2.6  H+  implantation  isolated  2-section  laser 
from  TLl  1  lA.  Power  output  and  -  IV 
biased  tuning  section  leaking  current 
plot  while  pumping  the  gain  section. 


problem  and  whether  it  is  possible  to  implant  H+  with  a  proper  dose  to  reach  the  active 


layer. 


2.5.  Band  gap  shifting  processing 

In  order  to  make  the  tuning  section  work  in  a  very  low  absorption  region  while  still 
displaying  QCSE,  the  band  gap  of  the  MQW  in  the  tuning  section  needs  to  be  increased 
(exciton  edge  blue  shifted),  while  keeping  the  MQW  in  the  gain  section  unchanged.  If 
this  is  achieved,  the  lasing  wavelength  will  be  in  the  low  absorption  red  side  of  the 
exciton  edge  of  the  tuning  section. 

As  described  in  the  first  year  report,  impurity  free  vacancy  diffusion  (IFVD)  is  the 
technique  we  propose  to  achieve  this  purpose.  By  using  different  dielectric  capping 
films  above  tuning  and  gain  sections,  and  annealing  the  sample  at  about  900  ”0,  the 
band  gap  of  MQW  beneath  them  will  be  widened  to  different  extents,  and  MQW 
relative  band  gap  shifting  is  performedi^44.  The  best  dielectric  to  produce  large  shifting 
is  Si02,  and  the  dielectric  film  that  best  protects  MQW  from  band  gap  shifting  is  SrF2. 
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First,  PECVD  SiOj  is  deposited  over  the  whole  wafer,  then  by  photolithography,  Si02  is 
removed  from  the  area  needing  to  be  protected  from  shifting.  SrF2  is  then  deposited  by 
thermal  evaporation  over  the  wafer.  Finally  the  wafer  is  annealed  by  rapid  thermal 
annealing  (RTA)  equipment  at  900  "C  for  15  seconds.  As  described  in  the  last  section, 
sample  TLl  1 1  was  fabricated  including  this  process. 

Serious  problems  were  found  associated  with  applying  SrF2.  After  annealing  and 
removing  SrF2,  serious  residual  product  was  found  at  the  SrF2  site,  which  we  confirmed 
to  be  some  kind  of  product  of  GaAs  and  SrF2  reaction  at  high  temperature.  This  by¬ 
product  can  not  be  removed  by  cleaning,  except  by  etching  the  whole  area.  After 
metallisation  and  cleaving,  devices  made  from  this  portion  only  emitted  weak  light, 
even  with  very  hard  current  pumping.  The  reason  for  this  is  not  clear  yet,  but  other 
groups  who  use  the  same  technique  have  observed  similar  problemsi**.  Although 
theoretically  SrF2  is  an  inert  compound,  it  is  possible  for  it  to  be  reactive  under  high 
temperature. 

Despite  the  problems  in  laser  fabrication,  obvious  MQW  band  gap  tuning  is  still 
achieved.  Fig.2.7  is  the  PL  spectra  comparison  between  Si02  and  SrF2  capped  areas.  As 
large  as  17  nm  exciton  peak  shift  is  achieved.  Lasers  made  from  Si02  capped  portion 
have  the  lasing  wavelength  -830.5  nm,  but  the  lasers  made  from  the  same  wafer  with  no 
cap  annealing  performed  have  a  lasing  wavelength  -842  nm,  confirmed  the  obvious 
band  gap  shifting  of  the  MQW. 

8  10"* 


I  6  10'* 
4  10'* 

CO 

c 

CD 

i4— * 

c 

^  2  10'* 


0 

805  810  815  820  825  830  835  840  845 

Wavelength  (nm) 

Fig.2.7  PL  spectra  of  Si02  and  SrF2  capped  samples  annealing  at  900  °C 
for  15  sec.  The  MQW  exciton  peak  shows  a  relative  differece  of 
-17nm  after  annealing. 
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A  new  dielectric  film,  Si02:P,  is  already  under  investigation  to  substitute  SrF2  as  the 
protecting  filmic.  In  the  sense  that  Si02;P  has  the  similar  physical  and  chemical 
properties  to  pure  Si02,  this  film,  as  used  by  another  group,  offers  better  prospects  for 
laser  fabrication  than  SrF2. 
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Chapter  3.  Device  Tuning  Performance 


Due  to  the  success  in  fabricating  the  H+  implantation  isolated  2-section  laser,  it 
becomes  possible  to  evaluate  the  laser  tuning  performance,  including  static  and 
dynamic  tuning  performance.  Only  after  this  evaluation  can  further  design  and 
fabrication  modification  be  made  properly. 

General  device  characterisation  will  be  discussed  first,  to  give  an  overview  of  the 
device  characteristics.  This  is  covered  in  section  3.1. 

Static  tuning  performance,  and  the  tuning  mechanisms  observed,  are  discussed  in 
section  3.2. 

The  dynamic  tuning  characterisation  method,  results  and  factors  restricting  the 
measurement  are  presented  in  section  3.3. 

3.1.  General  device  characteristics 

The  device,  made  from  TLl  IIB  as  discussed  in  the  last  chapter,  is  an  H+  implanted, 
400°C/30  seconds  annealed  2-section  CW  operating  laser.  The  epitaxial  wafer  for 
fabricating  this  device  is  QT787  as  mentioned  in  Chapter  1,  which  is  a  4  GaAs 
quantum  well  structure.  The  device  is  a  metal  clad  ridge  waveguide  laser,  with  a  ridge 
width  of  5p,m  and  nominal  rib  height  1.2)im  which  was  etched  by  H3PO4  based 
etchant  (before  the  creation  of  our  citric  acid  based  etchant).  The  peak  concentration 
of  H+  implantation,  as  modelled  by  Surrey  University,  is  2.5x10'*  cm  *,  with  a 
projection  range  -1.5  jim,  which  is  just  above  the  core  waveguide  layer.  Device  yield 
is  high(~90%),  proving  the  good  quality  of  the  epitaxy  and  processing.  The  laser  is 
bonded  p-side  up  by  SnAu  eutectic  alloy  on  a  brass  based,  Au  plated  heat  sink.  No  AR 
or  HR  coating  is  applied  to  the  laser  facets. 

Normal  I-V  characterisation  is  performed.  It  is  found  the  total  series  resistance 
(contact,  bonding  ,  soldering,  wire  resistance,  etc.,  plus  bulk  resistance)  is  about  8  Q, 
quite  comparable  to  similar  lasers  fabricated  at  Nortel  Opto-electronics.  The  reverse 
bias  break  down  voltage  (at  1  p,A  leakage  current)  is  7-20  V,  which  is  good  enough 
for  our  purpose. 
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For  a  device  with  a  300-400  |a,m  long  gain  section  and  200~300|im  tuning  section, 
threshold  current  is  25-35  mA  (  lowest  -20  mA)  with  slope  efficiency  -40%  at  the 
initial  assessment  stage.  Typical  isolation  resistance  -20  KO  is  normally  achievable. 
Devices  with  isolation  >100  K£2  were  also  quite  common. 

Ageing  degradation  of  the  two  section  devices  was  observed,  such  as  power 
decreasing  with  time  under  constant  pumping  current,  and  threshold  current  increasing 
on  a  day-to-day  assessment  base.  Compared  to  the  much  more  stable  CW  operation  of 
the  single  section  laser  from  the  same  laser  chip  with  the  only  difference  of  having  no 
H+  implanted  region  in  crossing  the  cavity,  it  is  believed  that  H+  implanted  defect  is 
migrating  during  CW  lasing,  therefore,  more  and  more  non-radiative  recombination 
centres  are  driven  into  the  active  layer.  The  mechanisms  for  this  to  be  happened  could 
be  photon  excited  defect  diffusion b2  or  temperature  driven  diffusion,  or  both. 
Although  H+  implantation  is  widely  used  in  planar  stripe  lasers  and  other  integrated 
devices  as  electrical  isolation  measure,  the  degradation  of  threshold  current  and 
quantum  efficiency  due  to  the  defects  induced  by  H+  bombardment  was  reported^  for  a 
stripe  laser  where  the  implantation  region  is  along  the  cavity,  and  there  was  no 
implantation  damage  inside  the  optical  cavity.  As  generally  realised,  H  is  a  high 
diffusivity,  unstable  deep  level  impurity  in  most  semiconductors'^.  Therefore,  H+  is 
still  not  a  perfect  candidate  for  the  isolation  purpose. 

3.2.  Static  tuning  performance 

The  assessment  diagram  is  shown  in  Fig.3.1.  The  heat  sink  of  the  laser  is  temperature 
controlled  at  20  °C.  The  coupling  efficiency  from  laser  to  the  single  mode  fibre  is 
about  25%.  The  Y  coupler  divides  optical  power  into  1:9,  with  10%  power  feeding  to 
the  power  meter. 

3.2.1.  Optical  power  output  during  tuning 

During  tuning  performing  measurement,  the  device  is  pumped  as  shown  in  Fig.3.1. 
When  pumping  the  gain  section  above  the  threshold  and  varying  the  reverse  bias 
across  the  tuning  section,  measured  results  show  a  large  variation  in  optical  output 
power.  The  output  power  drops  nearly  linearly  with  increasing  reverse  bias  until 
lasing  ceased,  as  shown  in  Fig.3.2. 
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Fig.3.2  Output  power  variation  while  changing  reverse  bias 
on  the  tuning  section  for  constant  pumping  current. 

From  the  plot,  it  is  seen  that  the  leakage  current  from  the  tuning  section  also  drops 
with  bias,  which  is  understood  as  the  result  of  a  decreasing  in  photo-generated  current 
due  to  the  reduced  optical  power.  Several  factors  are  responsible  for  the  decrease  of 
output  power.  First,  due  to  the  high  carrier  density  in  the  gain  section,  increasing 
reverse  bias  in  the  tuning  section  enhances  the  lateral  potential  difference  from  gain  to 


tuning  section,  therefore  enhancing  lateral  free  carrier  diffusion  from  gain  to  tuning 
section.  This  carrier  leakage  from  the  gain  section  decreases  the  net  optical  gain, 
therefore,  reducing  the  stimulated  radiation  power.  Second,  the  increasing  in  carrier 
density  in  the  tuning  section  increases  the  free  carrier  absorption  loss,  resulting  in 
decreased  output  power.  The  sharply  decreasing  power  is  a  total  result  of  both. 

It  is  necessary  to  point  out  that  the  leakage  current  I2  consists  of  a  carrier  diffusion 
portion  from  the  gain  section  and  the  photo-generated  current  portion  in  the  tuning 
section.  The  p-n  junction  reverse  bias  leakage  current  (p-n  junction  saturation  current) 
is  quite  small,  far  less  than  1  |xA  over  our  range  of  reverse  bias,  therefore  it  is 
eliminated  from  this  analysis.  The  increase  in  carrier  leakage  from  the  gain  section 
increases  the  diffusion  current  portion,  but  the  decrease  in  output  power  decreases  the 
photo-generated  current  portion.  As  seen  from  the  plot,  I2  drops  at  first  more  slowly 
than  the  power  drop.  This  is  clear  evidence  that  the  diffusion  leakage  current  portion 
is  increasing  as  if  we  suppose  photocurrent  is  the  only  source  of  leakage  current,  I2 
should  linearly  follow  the  decrease  in  power.  The  super-linear  behaviour  of  I2  in  the 
plot  can  be  used  to  estimate  the  diffusion  current  increase:  at  V2  =-0.8V,  diffusion 
current  reaches  its  maximum,  and  the  diffusion  current  increase  from  its  value  at  V2 
=0V  is  ~0.2mA.  As  discussed  in  Chapter  1,  this  means  -3x10'®  cm'3  free  carrier 
density  increase  in  the  region  beneath  the  implanted  region,  and-  4xl0'2  cm-3  carrier 
density  increasing  in  the  tuning  section. 

Another  clear  evidence  of  carrier  diffusion  in  the  device  is  the  following  experiment. 
When  starting  to  pump  the  gain  section  from  zero  bias,  the  leakage  current  from  the 
tuning  section  shows  a  sudden  jump  from  its  initial  value,  which  is  not  proportional  to 
the  power  output  at  all  as  shown  in  Fig.3.3  below.  It  is  clearly  that  there  is  lateral 
carrier  diffusion  in  the  device  after  the  flat  band  condition  is  achieved  in  the  gain 
section. 
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Fig.3.3  A  zoom  view  of  output  power  and  leakage  current  when  increasing 
the  pumping  current,  for  reverse  bias  0  and  IV,  respectively. 


Third,  the  photo-generated  carrier  effects  on  the  power  drop  should  be  included.  In  the 
tuning  section,  the  photo-generated  minority  electrons  in  the  p-side  and  holes  in  the  n- 
side  overcome  the  potential  barrier  at  the  heterostructure  interface  by  diffusion  and 
drift  across  the  active  i-region  to  the  opposite  side  under  reverse  bias,  presenting  a 
higher  effective  value  of  free  carrier  density  in  the  active  layer  of  the  tuning  section, 
resulting  in  a  higher  free  carrier  absorption  loss  in  the  cavity  than  that  with  no  bias 
applied.  This  free  carrier  density  or  the  absorption  loss  increases  with  increasing 
reverse  bias  since  larger  volume  of  photogenerated  minority  carrier  being  collected, 
resulting  in  decreased  output  power.  As  calculated  in  Chapter  1,  the  photocurrent 
effect  produces  the  same  order  of  magnitude  free  carrier  density  as  the  carrier 
diffusion  effect  in  the  tuning  section. 

An  interesting  experiment  has  been  carried  out  to  confirm  the  function  of  free  carriers 
in  this  device.  In  this  experiment,  instead  of  a  reverse  bias,  a  forward  bias  is  applied  to 
the  tuning  section.  Under  constant  pumping  current  on  the  gain  section,  the  output 
power  variation  with  applied  forward  bias  to  the  tuning  section  is  shown  in  Fig. 3.4. 
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Fig.3.4  Tuning  section  forward  biased  characteristics.  Output  power  and  tuning 
section  current  variation  with  bias  under  constant  pumping  on  the  gain. 


The  result  shows,  in  the  initial  stage,  the  output  power  increases  first  with  the  increase 
of  applied  forward  bias,  then  decreasing  to  a  minimum.  Further  increasing  forward 
bias  results  in  a  sharp  increase  in  output  power.  This  is  well  understood  now,  since  in 
the  initial  stage,  forward  bias  draws  the  photo-generated  minority  carrier  away  from 
the  active  i-region  of  the  tuning  section,  reducing  the  minority  carrier  amount  being 
able  to  drift  across  the  active  i-region  by  diffusion  in  this  tuning  section,  therefore, 
reducing  the  photo-generated  free  carrier  density  presented  in  the  active  layer  of  the 
tuning  section  and  the  free  carrier  absorption  in  the  tuning  section,  just  contrary  to  the 
reverse  bias  case.  In  the  other  hand,  the  carrier  diffusion  from  gain  section  is  reduced 
due  to  the  forward  bias  decreases  potential  difference  from  gain  to  tuning  section. 
Both  effects  results  in  the  decrease  of  the  photogenerated  and  diffused  carrier  density 
with  the  increase  of  applied  forward  bias,  increases  the  output  power  of  the  device. 
Continue  increasing  forward  bias  starts  the  free  carrier  injection  of  the  p-n  junction  in 
the  tuning  section,  produces  the  decrease  of  the  power  due  to  free  carrier  absorption  in 
this  section.  When  the  p-n  junction  flat  band  condition  is  reached  in  the  tuning 
section,  I2  increases  rapidly,  resulting  in  a  sharp  increase  of  the  free  carrier  density 
and  decrease  of  the  output  power.  Further  increasing  forward  bias  makes  the  tuning 
section  toward  to  its  threshold  gain  condition  and  start  to  contribute  to  the  optical  gain 
of  the  cavity,  resulting  a  sharp  increasing  in  output  power.  This  is  clear  evidence  that 
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the  behaviour  of  photo-generated  carrier  and  diffused  carrier  (from  gain  section) 
influences  the  device  performance  importantly. 

A  clear  picture  can  be  drawn  from  the  analysis  presented  above:  reverse  bias  on  the 
tuning  section  changes  the  carrier  densities  of  both  sections  and  the  carrier  distribution 
along  the  whole  cavity,  varies  the  free  carrier  absorption  loss  in  the  tuning  section  and 
therefore,  the  output  optical  power.  It  is  clear,  even  there  is  no  lateral  carrier  diffusion 
from  the  gain  section,  the  photo-generated  carrier  effect  will  still  have  important  effect 
on  the  device  performance.  To  eliminate  this  carrier  diffusion  and  photo-generated 
carrier  effects  by  ion  implantation  into  the  active  layer  in  the  isolation  section  and  by 
band  gap  shifting  therefore  becomes  very  important  in  having  a  pure  field  effect 
device. 

3.2.2.  Tuning  performance 

Certainly,  the  electric  field  induced  material  absorption  (rather  than  the  free  carrier 
absorption)  variation  in  the  tuning  section  also  plays  an  important  role  in  the  device 
performance.  The  tuning  of  this  device  therefore  is  a  combined  result  of  field  induced 
QCSE  and  carrier  induced  CIE. 

Obviously,  the  free  carrier  absorption  variations  in  the  tuning  section  with  reverse  bias 
change  the  threshold  condition  as  well  as  the  gain  spectrum.  Tuning  is  also  partly 
achieved  by  this  effects.  Accompanying  the  tuning,  large  variation  in  output  power  is 
associated.  We  therefore  measured  constant  power  output  tuning  and  constant 
pumping  current  tuning,  respectively. 

Static  tuning  performance  is  evaluated  by  Fabry-Perot  interferometer  method.  Fig.3.5 
and  Fig.3.6  show  the  results  of  constant  pumping  current  and  constant  output  optical 
power.  As  mentioned  above,  tuning  is  achieved  partly  because  the  gain  spectrum 
variation  with  bias,  and  partly  because  of  QCSE  and  CIE^  induced  refractive  index 
change.  The  tuning  observed  is  a  mixture  result  of  all.  The  jumps  in  the  plots 
correspond  to  the  mode  jumping.  It  is  seen  that  a  continuous  tuning  is  obtained  with 
only  small  reverse  bias  variation.  A  continue  tuning  range  over  lOGHz  before  mode 
jumping  is  achieved  for  constant  current  pumping,  and  over  60GHz  continuous  tuning 
(corresponding  to  the  mode  space  of  the  device)  before  mode  jumping  is  observed  for 
constant  optical  power  output.  Complete  tuning  evaluation  requires  dynamic  tuning 
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evaluation  over  a  wide  modulation  frequency  band(several  GHz),  therefore  dynamic 
tuning  evaluation  is  carried  out. 
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Fig.  3.5.  Constant  pumping  current  tuning.  Pumping  current  is  fixed  at  52.7  mA. 


Fig.  3.6.  Constant  Power  tuning  performence.  The  power  output 
is  maintained  at  3mW. 


3.3.  Dynamic  tuning 

As  generally  realised,  CIE  tuning  is  characterised  in  its  frequency  modulation  (FM) 
response^.  As  in  CIE  tuning,  due  to  its  intrinsic  carrier  nature,  thermal  tuning 
mechanisms  which  are  dominant  at  low  modulation  frequencies  (<10  MHz)  have  the 
opposite  sign  from  plasma  and  band  gap  narrowing  tuning  mechanisms  which  pre¬ 
dominate  at  higher  frequencies,  leading  to  a  non-uniform  frequency  modulation 
response^.  By  contrast  field  induced  QCSE^  tuning  is  due  to  electric  field  induced 
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band  gap  narrowing  which  has  no  relation  to  carrier  variation,  and  is  a  very  fast  tuning 
mechanism  (in  the  picosecond  region^),  therefore,  intrinsically  its  FM  response  is  flat 
from  DC  up  to  very  high  (THz)  modulation  frequencies.  The  tuning  due  to  carrier 
fluctuation  induced  gain  spectrum  shift  is  actually  also  a  carrier  effect,  therefore, 
suffers  from  the  same  limitation  as  CIE.  From  the  FM  response  measurement,  it  is 
therefore  possible  to  identify  QCSE  tuning  from  the  whole  tuning  response. 

The  FM  response  of  the  tunable  laser  can  be  measured  from  the  optical  spectrum  of 
the  modulated  signal  which  is  monitored  with  a  high  resolution  Fabry-Perot 
interferometer.  The  lower  frequency  limit  for  such  measurement  is  the  resolution  of 
the  interferometer  and  the  upper  frequency  limit  is  the  maximum  frequency  deviation 
of  the  laser  which  maintains  a  measurable  modulation  index. 


As  the  modulation  may  not  be  pure  FM,  an  analysis  needs  to  be  carried  out  to  separate 
the  FM  from  the  IM  components. 

The  optical  intensity  of  an  intensity  modulated  signal  can  be  written  as 

l  =  a^{\  +  acos(QO] !  1 

where  a  is  the  amplitude  of  the  electric  field  when  no  modulation  is  applied,  a  andQ 

are  the  intensity  modulation  index  and  frequency  ,  (O  the  carrier  frequency  (optical 

frequency),  r\  is  the  impedance  of  the  free  space. 

2  2 

V7  =  a^]l  +  acosi^t)  a[(l  -  +  ^cos{Q.t)  -  ■^cos(2Q0]  > 

16  2  16 

when  a  «  1 

■sfi  yCcsf^Ol  / 

therefore  the  electric  field  for  a  signal  with  both  intensity  and  frequency  modulation 
can  be  represented  as 


A  =  a[\  +  |con(Qt  + 

—  „;[of+Asin(n()]  ,  7[(<o+£l)(+Asin(nf)+e]  ,  ;[(£i)-O)/+Asin(U;)-0] 
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3.1 


L  4  4  J 

where  A=AF/D  is  the  frequency  modulation  index,  AF  is  the  maximum  frequency 
deviation,  and  0  the  phase  delay  relative  to  intensity  modulation. 
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Using  the  Bessel  function  property  and  setting  z=  A,r  =  ,  we 

i=-~ 

replace  in  Eq  3.1  and  also 


i=- 


2k 

4-1  (A)  +  4+1  (A)  =  —  4  (A)  and  J,_,  (A)  -  7,^,  (A)  =  24  (A) 
yielding 

A  =  «2 
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1  +  — cos(0) 
2A 
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or 
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where 
a,.  = 


1  +— cos(0) 
2A 


4(A)  +  ;Y74A)sin(0) 


3.2 


3.3 


3.4 


The  relative  intensities  at  0  and  ±1  orders  (i.e.  optical  frequency  co  and  co±  Q)can  be 
written  as 
L 


-f  =  Wt  =  4(A)+y44A)sin40) 


h  I  |2  fi  Ct  ■ 

-i  =  h  =  ^  +  —008(6) 

a  I  2A 

•^  =  K,r  =ri-:^cos((9) 

a  L  2A  . 

Subtract  Eq  3.6  and  3.7 
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Using  Eq  3.5  and  3.8  to  replace  —cos(6)  and  ct^sin^^)  in  Eq  3.6  we  have 
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or,  using  Jq{A)  -  -7i(A)  and  4(A)  =  Jq{A)-^^^  to  transform  Eq  3.9  gives 
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3.10 


From  Eq  3.10  the  frequency  modulation  index  A  can  be  obtained  and  a  and  Ocan 
then  be  found  using  Eq  3.5  and  3.8 
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tan(0)  = 


4ay,(A)V/o-aVo(A) 
(/,-/-,)  A 


and  = 


44  .^.4(A)^ 

flV,^(A)  y,^(A) 


4a  V;  (A) 


In  reality,  the  assumption  of  0  =  0  has  to  he  made  based  for  three  reasons: 

a.  To  use  Eq  3.5,  3.8  and  3.10  to  solve  all  three  parameters,  the  carrier  power  for  an 
unmodulated  signal  Iq  has  to  be  used  to  normalise  the  modulated  carrier  and 

sideband  power.  The  measurement  of  Iq  has  to  be  carried  out  separately  from  the 


modulated  measurements,  introducing  error  due  to  drift.. 

b.  The  dependence  of  6  with  measured  data  is  very  weak,  making  the  solution  of  Eq 
3.8  uncertain  when  measurement  errors  exist. 

c.  According  to  theoretical  study  on  QCSE  in  MQW,  the  refractive  index  change  is 
closely  link  to  the  absorption  change  by  the  Kramers-Kronig  relation.  In  the  time 
scale  we  are  interested  in,  the  delay  between  them  is  negligible. 


Under  the  assumption  0  =  0,  Eq  3.5,  3.6  and  3.7  can  be  simplified  to 

KI=./o(A)  3.11 

It  is  seen  from  (3.12)  and  (3.13),  if  |aj  =  |a_J  ,  we  have  a  -  0,  or  there  is  no  intensity 
modulation.  This  is  the  case  of  pure  frequency  modulation.  In  another  case,  if  IM 
index  is  much  smaller  than  the  FM  index  and  the  FM  index  is  not  too  large. 
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A 

~1 


3.15 


We  can  therefore  obtain  frequency  and  intensity  modulation  index  by  measuring  zero 
and  ±  1  order  side  band  intensity.  From  A=AF/f2,  we  can  have  the  maximum 
frequency  deviation  AF  at  modulation  frequency  Q. 

The  measurement  set-up  is  shown  in  Fig. 3. 8.  The  RF  source  has  an  output  impedance 
of  50  Q.  The  tuning  section  of  the  laser  is  terminated  by  a  470  shunt  resistance. 
Typical  spectra  recorded  from  digital  oscilloscope  are  shown  in  Fig.3.8. 
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Fig.3.7  Set-up  for  dynamic  tuning  performence  assessment  of 
2-section  tunable  laser. 


As  seen  in  Fig.3.8,  the  frequency  deviation  is  measured  from  the  Fabry-Perot 
interferometer  in  a  different  way  corresponding  to  different  frequency  ranges.  Above 
lOOMHz,  the  side  bands  a-e,  are  used  as  deduced  above;  between  lOkHz  and  100 
MHz,  a  large  frequency  deviation  is  produced  with  a  low  driving  power, 
corresponding  a  large  FM  index  A.  Under  this  situation,  twice  the  frequency  deviation 
2AF  is  observed  directly  from  the  separation  of  two  side  band  peaks^,  as  shown  on  f. 
Below  lOkHz,  where  the  modulation  frequency  lower  than  the  scanning  frequency  of 
Fabry-Perot  interferometer,  the  output  show  an  instantaneous  frequency  shift  as 
shown  on  g.  The  width  of  the  multiple  peaks  is  directly  the  frequency  deviation. 
Fig. 3. 9  is  the  peak  frequency  deviation  result  in  the  modulation  frequency  range 
5kHz~2GHz.  It  is  seen  for  the  modulation  frequency  below  500  MHz,  the  tuning 
response  is  quite  uniform  (less  than  5  dB  variation),  tuning  response  drops  very 
quickly,  and  a  peak  appears  at  about  1.18  GHz.  The  sharp  decrease  and  the  peak  is 
identified  as  the  result  of  parasitic  parameters  of  this  device,  as  described  below. 
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Fig.3.8  Fabry-Perot  interferometer  output  spectra  for 
measuring  frequency  deviation  of  a  2-section 
tunable  laser.  Modulation  frequency  and  RF  source 
power  are  quoted  beside  the  spectrum. 
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Modulation  Frequency  (MHz) 

Fig.3.9.  Peak  frequency  deviation  (normalised  to  50  GHzA^)  variation  with 
modulation  frequency.  Source  power  and  measuring  methods  are 
given.  Device  is  pumped  at  34mA(Ith=25  mA),  with  IV  reverse  bias 
applied  at  tuning  section. 

The  S 1 1  reflection  spectrum  of  the  laser  assemble  is  taken  by  using  a  network 
analyser.  The  result  is  shown  on  Fig.3.10.  It  is  clear  seen  that  a  resonant  peak  appears 
at  1.1 -1.2  GHz  which  is  in  coincident  with  the  resonant  peak  observed  in  Fig.3.9. 


Fig.3.10.  S 1 1  reflection  spectrum  of  the  tunable  laser  assemble  for 
dynamic  characterisation.  Source  power  is  -lOdBm. 
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A  simple  calculation  suggests  that  this  is  due  to  the  large  device  capacitance  and  the 
bonding  wire  inductance.  By  C-V  method,  we  measured  the  capacitance  of  the  tuning 
section  of  the  test  device.  A  22pF  capacitance  is  obtained  under  -IV  bias.  The 
bonding  wire  has  a  diameter  of  25|xm  and  a  length  of  ~lmm,  its  inductance  can  be 
calculated  by  using 

L=0.002  I  [2.303  log  ( 4/  /rf )- 1  ]  (pH) 

where  I  is  wire  length  in  cm,  d  the  wire  diameter  in  cm.  We  obtain  L=0.8  nH  for  the 
bonding  wire.  The  resonant  frequency  is  therefore: 


2Ti4LC 


=  120  GHz 


which  matches  our  experimental  results  very  well.  As  we  calculated  in  Chapter  2,  this 
is  mainly  due  to  the  large  junction  capacitance.  To  reduce  this  value  by  mesa  etching 
and  air  bridge  techniques  is  therefore  necessary. 


From  Fig.3.9,  it  is  observed  within  the  low  frequency  range  (<100MHz)  there  is  no 
thermal  effect  observed  due  to  the  CIE  tuning.  It  is  therefore  confident  that  at  least 
within  this  frequency  range,  tuning  is  dominated  by  QCSE.  Also  for  all  devices  we 
tested,  no  thermal  effect  was  observed.  The  best  result  we  obtained,  as  shown  in 
Fig.3.11,  has  a  very  good  response  uniformity,  within  ±  1  dB  over  the  frequency 
range  lOkHz-lOOMHz.  As  a  comparison,  we  also  measured  tuning  by  current 
injection  on  the  same  device,  the  result  is  shown  Fig.3.12.  It  is  quite  clearly  seen  that 
the  thermal  effect  induced  by  CIE  tuning  (5kHz~100kHz)  cause  a  non-uniform 
response. 


Fig.3.11.  Tuning  response  of  the  2-section  tunable  laser. 
RF  source  power  is  -20dBm. 
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Modulation  Frequency  (MHz) 

Fig.3.12.  Tuning  response  by  current  injection  in  the  same 
laser  as  Fig.3. 1 1 .  source  power  is  -20dBm. 


In  conclusion,  static  and  dynamic  tuning  have  been  performed  successfully.  In  static 
tuning,  carrier  diffusion  and  photocurrent  are  found  to  have  important  effects  on 
device  performance,  but  a  large  tuning  range  is  obtained.  In  dynamic  tuning,  parasitic 
capacitance  and  inductance  are  found  to  limit  device  characterisation  seriously,  but  no 
thermal  effect  is  found,  proving  that  the  dominant  tuning  mechanism  in  the  low 
modulation  frequency  range  is  QCSE. 
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Chapter  4  Work  in  Progress  and  Future  work 


As  discussed  in  Chapters  2  and  3,  current  diffusion  from  the  gain  section  is  quite 
important  even  if  the  ion  implantation  region  reached  the  i-region  where  the 
waveguide  core  layer  is  laid.  This  is  of  course  because  of  the  lateral  potential 
difference  from  gain  to  tuning  section  within  the  i-region.  We  are  now  considering  an 
0+  implantation  scheme  to  penetrate  through  the  whole  i-region,  therefore,  changing 
the  mobility  of  the  carriers  in  the  implanted  region.  This  will  block  the  carrier 
diffusion  completely,  as  many  researchers  have  demonstrated  in  planar  stripe  lasers. 
The  problem  remaining  to  be  answered  is  how  will  such  a  region  influence  the  laser  if 
it  is  placed  within  the  laser  cavity.  As  there  is  no  published  report  about  this  scheme, 
experiments  are  planned  to  optimise  the  dose,  annealing  condition  and  implantation 
energy  in  order  to  achieve  lowest  loss  and  highest  isolation  resistance. 

In  order  further  to  reduce  photocurrent  effects  and  absorption  loss,  MQW  band  gap 
shifting  is  necessary.  SrF2  did  not  show  good  results  after  annealing,  therefore,  Si02:P 
is  chosen  as  the  protecting  dielectric  film  for  IFVD.  Experiments  are  in  progress  to 
use  this  new  film  and  Si02  for  achieving  band  gap  shift. 

Dynamic  tuning  results  show  that  the  modulation  frequency  range  is  seriously  limited 
by  the  parasitic  capacitance,  therefore,  a  new  design  to  cope  with  this  problem  is  the 
best  solution.  The  next  generation  of  this  laser  will  be  grown  epitaxially  on  SI  GaAs. 
Devices  will  be  processed  into  mesa  structures,  with  the  junction  area  only  20  |i,m  in 
width  and  300  600  pm  in  the  cavity  length.  Air  bridges  will  be  used  to  connect  the 

bonding  pad  and  the  top  p-contact  on  the  ridge.  The  whole  device  schematic  diagram 
is  shown  in  Fig.4.1  and  Fig.4.2,  and  the  main  processing  is: 

1 .  MQW  structure  epitaxial  growth  on  SI-GaAs  substrate  carried  out  by  III-V  Facility 
in  Sheffield. 

2.  Dielectric  film  coating  and  lithography  are  performed  first,  then  annealing  at  900°C 
for  30  seconds  to  achieve  MQW  band  gap  shifting. 

3.  An  ion  implantation  mask  is  prepared  by  lithograghy  and  etching,  then  0+ 
implanting  and  annealing  are  performed  to  achieve  best  isolation  while  maintaining 
acceptable  cavity  loss. 

4.  p-Contact  metal  is  deposited  and  patterned  by  photoresist  lift-off,  leaving  4pm 
width  contact  metal. 
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Ti  bridge 


Au/Zn/Au 


Bonding  pad 
GeNiAu/Au 


Fig.  4.1.  The  planned  air  bridged  and  mesa  etched  low  parasitic  two-section 
laser  structure:  cross  view. 

5.  Ridge  is  defined  by  citric  acid  etchant  and  self-alignment  etching  where  the  metal 
functions  as  mask  during  etch  and  therefore  no  micro-scale  alignment  is  required. 

6.  Lithography  to  form  the  etching  window  for  mesa  etching,  and  selectively  etching 
the  mesa  down  to  n+  -GaAs  contact  layer  on  one  side  of  the  ridge,  and  then  another 
lithography  and  etching  to  etch  the  window  down  to  SI-GaAs  on  the  other  side  of 
the  ridge. 

7.  PECVD  is  used  to  deposit  Si02  on  wafer,  and  then  n-contact  metal  window  is 
opened  by  lithography.  Lift-off  is  used  for  patterning  the  metal. 

8.  Metallisation  annealing  at  ~400°C. 

9.  Coating  with  thick  resist  and  opening  window  on  Si02  for  bridge  contact,  and 
depositing  Ti;  plating  to  thicken  Ti  to  ~2)im.  Lithography  and  HF  etchant  to  pattern 
Ti  into  comb-shaped  metal. 

10.  Thinning  wafer  down  to  -100  pm  and  then  clean  wafer  in  solvent  including 
acetone.  The  resist  beneath  comb-shaped  Ti  will  be  disolved  and  the  air  bridge  is 
formed. 

Only  step  6  and  9  are  the  extra  steps  when  using  SI-GaAs  and  air  bridge  technique, 

but  both  are  not  so  difficult  to  perform.  We  are  therefore  confident  of  the  success  of 

this  device.  A  new  mask  set  design  for  processing  this  device  is  already  in  progress. 
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0+  implanted  region 
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Chapters  Conclusion 


During  the  second  year  of  this  programme  we  have  successfully  fabricated  two- 
section  QCSE  tuned  lasers,  achieving  continuous  tuning  ranges  of  over  60  GHz  and 
FM  response  uniformity  of  ±  0.75dB  over  the  range  lOkHz  to  lOOMHz  and  ±2.5dB 
over  the  range  5kHz  to  500MHz.  Parasitic  capacitance  effects  limit  the  response 
above  this  frequency. 

We  have  also  demonstrated  the  use  of  quantum  well  disordering  by  cap  annealing  for 
adjusting  the  relative  operating  wavelengths  of  gain  and  tuning  sections,  achieving  a 
shift  of  17  nm  in  their  exciton  peaks.  Problems  with  laser  fabrication  from  SrF2 
capped  material  have  led  us  to  alternative  capping  layers. 

We  have  successfully  fabricated  both  0+  and  H+  isolated  two  section  lasers  and 
studied  optimum  isolation  conditions. 

In  the  next  year  of  this  programme  we  shall  optimise  the  GaAs/AlGaAs  laser  structure 
and  study  tunable  lasers  based  on  QCSE  in  the  InP/InGaAsP  materials  system. 
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